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Total cost of ownership optimization model for battery-electric trucks
Supporting decision-making on battery-electric trucks

HENRIQUE GEROMEL DOTTO
KRISTINN THOR MAGNUSSON

Department of Technology Management and Economics

Chalmers University of Technology

Abstract

As electric trucks are relatively new to the market, buyers’ purchasing processes
are not used to evaluate electric trucks and manufacturers want to facilitate the
adoption. A total cost of ownership (TCO) is often used to evaluate investments,
thus sellers can promote the most cost efficient electric truck to the customer by
analysing TCO. This thesis seeks to create a TCO optimisation model to select a
truck variant with the lowest TCO based on vehicle routing, energy consumption

and heterogeneous fleet.

To create the TCO model, a literature review and a commercial study were con-
ducted. In parallel, data was collected from internal meetings, the literature and
desk research. From the data collection, it was concluded that a single model would
not be able to account for different customers’ needs. Three models were built:
a heterogeneous electric vehicle routing problem with time windows (HEVRPTW)
formulated as a mixed integer programming (MIP) model, a hybrid model, com-
posed of a VRPTW MIP and a spreadsheet, and an ant colony optimization (ACO)

model.

Three realistic cases were built to validate the model, analyse the TCO and the
selection of electric trucks and assess the supply chain impact. Then, a sensitivity
analysis of the TCO is performed. The results show that driver cost and initial cost
have the most impact on TCO, whereas energy cost increases with mileage. The
supply chain is heavily impacted by the battery size as there are trade-offs when
changing the battery capacity. The optimal battery capacity is a combination of the
energy required and the charging strategy.

Keywords: Total cost of ownership (TCO), Electric truck, BEV, Optimization, Ant

Colony, Vehicle routing, Heterogeneous fleet, Purchasing process
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1

Introduction

1.1 Background

The battery-electric truck, or battery-electric heavy vehicles (BEHVs), have zero
tail-pipe emissions that can help to decrease pollution from road transport which is
a problem, especially in big cities. Diesel trucks are currently the most widely used
and BEHVs are rather new to the market. Hence, the purchasing of a BEHV requires
the decision of new specifications which are unfamiliar for most businesses and bring
challenges such as vehicle range and high initial costs (Morganti & Browne, 2018).
For most businesses, this process either leads to a new task purchasing situation,
where the buyer is unfamiliar with both the product and supplier or a modified rebuy
where the buyer is purchasing from a known supplier (Weele, 2018). A concern for
purchasers in those situations is that there is high uncertainty of the outcome for

new task situations and moderate uncertainty for modified rebuy (Weele, 2018).

To reduce the uncertainty of the outcome, the focus should be on the total cost
of ownership (TCO) instead of the initial price (Weele, 2018). In fact, one of the
benefits of TCO is being able to justify higher initial prices with long-term cost-
effectiveness (Ellram, 1995). The TCO method is done from the purchaser’s stand-
point and calculates costs related to purchasing processes, installation, operation,
and disposal of the truck (Saccani et al., 2017). However, the calculation of TCO
for battery-electric trucks (BEHVs) is not straightforward.

Many factors can affect the BEHV’s TCO, but the energy consumption is a central
one (Delucchi & Lipman, 2001). Different battery sizes can affect the energy con-
sumption due to changes in vehicle weight, while the average speed, road hilliness,
traffic and weather can also affect the energy consumption, to mention just a few
(Delucchi & Lipman, 2001; Ghandriz et al., 2020b; J. Wang et al., 2018). Policies

1



1. Introduction

around BEHVs can change between different locations and over time, which alter
the ownership and purchasing costs. The resale price (if any) is hard to predict as it
depends on several factors and there are uncertainties with the second-hand market
of electric vehicles (Sandén & Wallgren, 2017).

1.1.1 Volvo Trucks

Volvo Trucks sells BEHVs and offers a service, electromobility made easy, which
provides a customised solution to their customers’ needs to support electromobility
adoption (Volvo Trucks, 2019). Volvo provides expertise, guidance & technology,
and recommendation for technical components to optimise the TCO, making it
predictable for the customers. There are many variables and uncertainties in the

calculations of TCO and Volvo is looking to make the models even more accurate.

Volvo currently offers in Sweden two types of medium-duty electric trucks, FL and
FE Electric, and three types of heavy-duty electric trucks, FH, FM and FMX electric
(Volvo Trucks, 2022a). Both those types of trucks will be referenced as BEHV in
this paper. For each truck, there can be variants such as the number of battery
packs, different axle configurations based on application, and a different number
of electric motors for the heavy-duty trucks (Volvo Trucks, 2022a). Each of the
models is intended for a certain range of use but the truck can be customised for
the customer’s needs and specifications. All those decisions must be made in the

selling /purchasing process.

For Volvo to optimise the TCO for an incoming customer, Volvo needs to receive
specifications and operation data from the customer. The customer could addition-
ally list some minimal performance measures that the operation of the truck would
be expected to reach as Volvo considers the whole scope (Volvo Trucks, 2022b).In
many cases, operations of BEHVs have needed route tailoring and daytime charging
(Hovi et al., 2020). The route tailoring or optimisation used for the TCO model is a
service that Volvo offers to support the customer (Volvo Trucks, 2022b). From the
TCO model, Volvo can further recommend and specify which truck will fulfil the

customer’s needs the most (Ellram, 1994), leading to a higher customer satisfaction.

2



1. Introduction

1.2 Aim and scope

This project aims to create a TCO model for Volvo to assist the decision of selecting

an electric truck that suits the customer’s need. A set of four sub-aims and respective

research questions need to be addressed to achieve the defined aim:

1.

Explore TCO models in literature and their impact on purchase decision-

making
RQ.1. What are the main dimensions of TCO of BEHVs?

Understand Volvo’s business context associated with BEHV sales and create
the TCO model

RQ.2. What are the most relevant analytical models present in the
literature to build an accurate TCO model that suits Volvo’s context

and customers’ specific needs?

. Acquire and interpret the data required to perform a TCO analysis

RQ.3. What is the minimum information needed from the customer

to calculate a reasonable accurate TCO?

Perform a scenario analysis of different applications with the proposed TCO

model

RQ.4. What parameters affect the most the TCO calculation of
BEHV?

RQ.5. How is the proposed TCO model able to assist Volvo in
helping customers to have a smooth transition to electromobility

regarding supply chain impact?






2

Methods

This chapter presents the methodological structure of this work. To answer the
research questions in 1.2, the development was divided into four parts: literature
review, data collection, models’ formulation, and analysis. The first two parts gath-
ered the information required to develop the TCO conceptual model. Then, it was
translated and formulated into a mathematical model. Lastly, different cases were

created to validate the model and discuss the results.

2.1 Literature review

The first objective was to provide the theoretical base for the project. In order
to get an overview of research done on TCO, the Scopus database was used to
map the research up to 2022. A literature study was conducted on the subjects
to understand the use and application of TCO models for electric trucks to grasp
what was needed for the project and what methods have proven to be effective for
similar projects. The keywords that were searched for were “TCO models”, “Electric
Trucks”, "TCO calculation”, "TCO simulation”, “TCO optimisation”, “Logistics
performance”, and their combination. An additional literature search was conducted
throughout the project when new literature was needed on a specific subject. In
the end, a theoretical TCO model was created to summarise the findings from the

literature.

2.2 Data collection

The project had some characteristics of action research. It aimed to design solutions
to an organisation’s real problems, it was iterative, going from problem identifica-

tion to solution evaluation, and it intended to contribute to both theory and practice
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(Argyris et al., 1985). That said, a diary was used to register the activities within
Volvo, as field notes (Bell et al., 2019). Spontaneous meetings were held continu-
ously at every opportunity with a contact at Volvo to acquire information about
Volvo’s needs, procedures and available data. In instances the contact did not have
knowledge or access to this information, a meeting was scheduled with relevant per-
sonnel. The personnel at Volvo in the meetings had either a technical background
or a business background. Throughout the whole process, 24 meetings for a total of

almost 13.5 hours were held.

For the TCO model to be supportive of Volvo’s selling process, the model needs
to handle possible input data that Volvo’s sales personnel usually have access to
during the selling process. Volvo receives from the customer certain information
whereas Volvo gets back to the customer with information that should support their
needs. These insights were valuable to decide the model structure. Besides, Volvo
was already calculating energy consumption based on customer data. With that,

the model could skip energy calculation for routes, taking them as input instead.

Information on the usage and structure of a TCO model was acquired by a literature
review (see Section 3). Research on electric vehicles or related subjects was analysed
regarding if they were meaningful or not for the project. Information from at least
two researches was used to back up a model decision. Sole research was only used

if no other related research was found, but still meaningful.

On top of the Volvo context and literature review, the market context was also taken
into consideration to fill gaps. Desk research was done to grasp commercial perspec-
tive and understand the thoughts and behaviours of companies and customers in
the industry (Zaltman, 1997).

The information from the meetings was in form of notes and was assessed afterwards.
Then, a decision was made on how it could be integrated into the model. If needed,
a reasonable simplification was made to introduce the requirement in the model.
The assessment of what information to use directly was based on how other authors
in the literature handled similar information in other research (see Section 3) or how

it was done commercially by similar tools (see Section 4.2).
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2.3 Model formulation

The model started from the simplest formulation and was developed following a
logical order based on previous studies. At each development step, the model for-
mulation present in the literature was evaluated, and the best fit was selected and
integrated within the so far developed model. Then, the model was reviewed and
validated.

It is widely discussed in the literature that a Vehicle Routing Problem (VRP) (see
section 5.1.1) and its extensions become extremely difficult to find an optimal solu-
tion in a reasonable time as its size grows. This was also true for the proposed TCO
optimisation model in this work. Therefore, besides the general model, three al-
ternatives were developed: a simplified model, a hybrid model using a spreadsheet,
and a heuristic model. Most of the time, the solutions found by the alternative
models are not optimal but are reasonably close to the optimal solution to support

decisions.

2.3.1 Complete model

The model was formulated as a mixed-integer (linear) programming (MIP). Linear
programming is a method used to minimise or maximise the desired outcome which
is subjected to a set of linear constraints (Britannica, 2017). Hence, the two main
components of a linear programming problem are exemplified with the objective

function (2.1), which minimise or maximise the outcome, and the constraint (2.2).

Min/Maz cixq + ¢z (2.1)

171 + Ao < bl VLUZ > 0 (22)

In case all variables declared on the linear programming problem are integers, it is
defined as integer programming. Similarly, if there are both integer and continuous
variables, it is defined as MIP. In order to solve this mathematical problem, the
AIMMS software was used. This software can solve a large variety of linear pro-

gramming problems, from the simplest to non-linear and quadratic problems. The
solver used to optimise the MIP was CPLEX from IBM ILOG (AIMMS, 2020).

The model was divided into two parts: the routing model and the cost model. The
routing model encompasses the mathematical formulation of the truck operation.

This is the main part when choosing the technical specifications of the vehicle. The

7
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cost model encompasses the monetary representation of the operation together with
all the cost parameters presented in the conceptual model (section 4.3). Lastly, the
model was constantly reviewed and validated at every step through peer review. In
order to validate the output, data of a feasible problem was used together with cost

data from the literature.

2.3.2 Alternative models

From the complete model, it was possible to identify some simplifications that would
lead to faster results. The first alternative is the general model modularised into part
of the complete model with great computational effort. By experimenting with the
routing problem in question, it was identified that some parts of the model could be
removed with little effect on the result. The second alternative is a straight simplified
model combined with a Microsoft Excel spreadsheet model. The last alternative is
a heuristic model using an Ant Colony Optimization (ACO) algorithm (see section
5.1.2). These methods are presented in this work as possible alternatives to deal with
larger problems that the complete model is not able to finish in an acceptable time.
Thus, the models are used to compare outputs, not to compare their computational

efficiency.

2.4 Analysis

In order to exemplify the complete model potential and find how different variables
affect the TCO calculation, three realistic cases inside Sweden were created: urban
distribution, regional distribution and long-haul distribution. The validation of the
model helped determine how well the model could account for the variety of Volvo’s
needs. The data gathered for the cases, therefore, needed to be realistic and reflect
a possible real-world case that Volvo could face (Table 6.1). This analysis of the
variables that affected the TCO model the most was intended to help Volvo assist its
customers with the transition to electromobility. It will be possible to understand

the monetary impact of each decision.

The urban distribution case was inside the great Gothenburg area where numerous
customers and charging stations were selected and added as an input to the model.
The regional case had a few customers and charging stations in Skane county in
Sweden. The long-haul distribution was between Gothenburg and Stockholm where

there were customers and charging stations along the way. The cases helped to high-

8



2. Methods

light the input parameters that affected the results the most in different situations

and what truck variants are suitable in what context.

Sensitivity analysis was conducted on key parameters and outputs. The sensitivity
of the TCO was analysed by decreasing and increasing each parameter by 20% and
keeping other parameters fixed. The goal of this analysis was twofold. First, to
detect the parameters that had the highest impact on TCO. Second, to see if the

TCO was sensitive to the selected model’s parameters and outputs.

To ensure the reliability of the results, the data required to run the complete model
was taken from real-world applications and the most recent research. All values
and their sources were discriminated as well as the assumptions made. The data
gathering of input is presented in the section 6.1. To demonstrate the validity of
the results, the outputs of the complete model are compared with the alternative

models for each case.






3

Literature review

This chapter focuses on exploring the theoretical background required for this thesis
and it is divided into six parts. First, an overview of the research on TCO is
presented. Second, general models for TCO are introduced. Third, different TCO
models for battery-electric vehicles (BEVs) are presented, highlighting their unique
contributions to the field. Fourth, specific models for energy consumption prediction
are presented, as they are relevant for defining the truck specifications. Fifth, the
impacts on the supply chain from using a BEHV are discussed. Sixth, the differences
in the purchasing processes of BEHVs are shown. Lastly, the findings regarding TCO

for BEHVs are summarised.

3.1 Background on TCO research

When searching for "Total cost of ownership' as a part of the title, abstract and
keywords, the database returned around 2500 results (February 2022). The two
oldest papers on TCO are from 1969 and are both on engineering subjects. The
first paper assessed the reliability of life cycle cost (concept related to TCO) while
the other used TCO to assess the cost of using different technologies. The Figure
3.1 shows the evolution and trend of papers published each year about TCO in the

Scopus database.

From 1969 to 1994, there was limited research on TCO ranging from zero to seven
published papers per year. The majority (50.8%) of studies were engineering-related
while other articles are classified in numerous subject areas. The two by far most
cited papers in this period, both by Ellram, were about the TCO as a tool: one gave
a framework for TCO while the other discussed the elements and implementation
of TCO.

11
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Figure 3.1: Number of papers published in Scopus database regarding TCO by
year until 2021.

From 1995 to 2017 there was an escalation in the number of papers about TCO, going
from 8 papers per year (in 1995) to 172 papers (in 2017). Most of them were classified
as engineering (31%) and computer science (22%) subjects. There are numerous
highly cited papers (>200) in that period. The topics of the papers to mention are
cloud computing, vehicle electrification, power management and supplier selection.
All these papers mentioned have in common that the TCO calculations are used to

compare a new method or product to the currently widely used.

From 2018 the number of papers about TCO has been similar in quantity but their
share related to energy (7.2% to 13%) and environmental science (3.3% to 8.1%)
increased while the share of papers regarding engineering and computer science
subjects decreased by 10% combined. The five most cited articles from 2018 are all
related to electric vehicles where TCO is used to evaluate their possible adoption.
Table 3.1 shows the two most cited papers from each of the periods considered here.
The electric vehicle is among the most popular subjects and many highly cited

papers commonly use TCO to assess new technology.

"Technology" (or "technologies") is mentioned in 1/3 (863 papers) of the papers in
the database along with TCO. Interestingly, the trend in the number of papers
published each year, which mention both TCO and technology, resembles the one
shown in Figure 3.1. A TCO seems to be often used by researchers to assess the

cost of technologies but also to evaluate suppliers, among other objectives. Related
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Table 3.1: The two most cited papers from each time periods of TCO literature
analysed.

Title Year | Cited by
Cloud computing - Issues, research and implementations 2008 441
Vehicle electrification: Status and issues 2011 380
Total cost of ownership and market share for hybrid and electric vehicles in the UK, US and Japan | 2018 200
Adoption of electric vehicle: A literature review and prospects for sustainability 2020 121
Total Cost of Ownership: Elements and Implementation 1993 99
A Framework for Total Cost of Ownership 1993 53

to technology, electric vehicles are mentioned in many papers using TCO. Many of
these papers are comparing the electric vehicle to competitive technology, others are
assessing cost issues/barriers of electric vehicles and there are a few that use TCO

to optimise certain parts of the vehicle or define electrification strategy.

3.2 TCO general models

As explained in the section 1.1, TCO accounts for the sum of all costs associated
with a product from a purchaser’s perspective. Hence, the period analysed at a
TCO is less or equal to the total product life cycle (Ellram & Siferd, 1993; Saccani
et al., 2017). Whereas the calculation of TCO is present in the purchasing process
of companies, the reason to use it may vary. Saccani et al. (2017) identified four
different objectives in the literature to apply TCO in the business context: assess-
ment of the economic viability and market acceptance of new technologies; supplier

selection; "one-off" purchase; and technical optimisation or dimensioning decisions.

Regardless of the objective, TCO models have in general a common structure. Sac-
cani et al. (2017) propose a comprehensive TCO conceptual model for durable con-
sumer goods (Table 3.2) composed of two dimensions: temporal phases and pro-
cesses. The former refers to the different stages of product ownership, such as
selection and purchase, while the latter refers to activity groups of different types,
such as ownership or usage. These activities can be accounted for as monetary costs,
which generate negative cash flows, or opportunity costs (non-monetary costs), which

prevent positive cash flows (Saccani et al., 2017).

Moreover, the authors explain a TCO model can be either specific for different types
of customers and products or an average of a group of customer types, products or

both, leading to the four application modes presented in the Table 3.3.

This proposed categorisation of TCO parts leads to a less overwhelming conceptual
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Table 3.2: Dimensions of a TCO conceptual model of durable consumer goods and
the events that trigger each phase, adapted from Saccani et al. (2017).

TEMPORAL PHASES
PROCESSES Selection = Deployment Exploitation End of Life
Decision-making
wale.rShlp Need becomes — Ownership Start of End of End of
Training . e L S .
Usage evident acquisition exploitation exploitation Ouwnership
Support

Table 3.3: Application modes of TCO model, adapted from Saccani et al. (2017).

CUSTOMER
PRODUCT Specific Average
Specific One-to-one TCO Average Customer TCO
Average Average Product TCO Average TCO

model than what previous literature proposed. An extensive (but not exhaustive)
list is presented by Ferrin and Plank (2002) and Ellram and Siferd (1993) with more
than 310 possible cost drivers and activities and more than 13 categories to perform
a TCO analysis. As pointed out by Ellram (1995) and Ellram and Siferd (1998),
the complexities of the organisational, measurement and data collection are some of

the reasons for limited TCO adoption at the time.

From a conceptual model, Saccani et al. (2017) propose a process to adapt it for a
specific durable consumer good being analysed and to reduce its complexity (Figure
3.2). First, define the data requirements and identify the data available. From that,
it is possible to understand how customer or product-specific a model can and needs
to be. Then, run a pilot test to assess the relevance of each cost aspect. Lastly,
remove the irrelevant variables to build a reduced model, adapted for the context

and product analysed.

Irrelevant
costs excluded

Requirement Availability

Pilot testin
definition identification &

Figure 3.2: Process to reduce TCO model complexity (Saccani et al., 2017).

Besides the identification of the cost aspects and the mode of application for a TCO
model in a specific context, the literature also presents different approaches to eval-
uate the TCO. Ellram (1995) consolidates into three types of models: dollar-based
direct cost, dollar-based formula and value-based. The dollar-based models use what

Saccani et al. (2017) defined as monetary costs. Dollar-based direct costs are TCO
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models that use cost factors or ratios, and dollar-based formula uses mathematical

equations to model costs.

In contrast, value-based models combine both monetary and non-monetary costs.
In these cases, weights are used to account for the importance of qualitative criteria.
Lizot et al. (2021) provide an application of a value-based approach. The authors
combined TCO evaluation of monetary costs with Multi-Criteria Decision Analysis
(MCDA) for non-monetary costs to improve cost management in family farming.
MCDA is a methodology that evaluates quantitatively an alternative by defining
scores and weights for each qualitative criterion (Lizot et al., 2021). However, the
methodology is subjective and restricted to the application it was created for(Lizot
et al., 2021).

3.3 TCO for battery-electric vehicles

3.3.1 Realistic models

The calculation of TCO for electric vehicles, for both consumer and commercial
use, has several particularities, as mentioned in the section 1.1. Besides, depending
on the application context, the most representative costs can change (Taefi et al.,
2017). Thus, improving the accuracy and comprehensiveness of the calculation has

been the goal of many authors.

Delucchi and Lipman (2001) did a pioneer work on TCO modelling for battery-
electric vehicles (BEVs). BEVs are any type of vehicle powered by rechargeable
batteries, whereas BEHVs are only heavy vehicles, such as trucks. They proposed
the division of TCO into three major parts to create an integrated model that can
account for initial cost, vehicle performance and life cycle cost (Table 3.4). The
first part was a sub-model of vehicle cost and weight considering manufacturing and
battery cost. The second part was a sub-model of vehicle energy which simulates
all vehicle forces to fulfil the user’s requirements. The simulation accounted for
energy consumption of individual components, driving style, and heating/cooling
systems, considering trip parameters (vehicle speed, acceleration, road grade and
trip duration) and vehicle parameters (weight and engine efficiency). As explained
by the authors, these first two parts are circular dependant on each other since the

vehicle design and weight affects its maximum power, efficiency and cost.

The last part was the periodic ownership and operating costs regarding maintenance,
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repair and insurance, which depend on the vehicle technology and were deemed as
significant as the initial cost in the TCO. To cope with the lack of information on
BEV life cycle cost, Delucchi and Lipman (2001) used known data from internal com-
bustion engine (ICE) vehicles to calculate BEV values relative to some dependent
variable. For example, they calculated the cost of tire replacement by calculating
the tire life relative to vehicle weight change from ICEV to BEV.

Table 3.4: Integrated TCO model used by Delucchi and Lipman (2001).

Periodic ownership and

Vehicle cost and weight Vehicle energy use .
operating cost

Battery cost Trip: speed, acceleration, Insurance

Manufacturing cost road grade, duration Maintenance
Vehicle: weight, engine Repair
efficiency

Davis and Figliozzi (2013) also proposed an integrated TCO model, but specific
for BEHVs. There are four models: cost minimisation model of vehicle ownership,
energy consumption and range model, continuous approximation model for routing
constraints, and real-world energy estimation from speed profiles. There are three

main aspects explored to improve the TCO modelling.

First, the use of a cost minimisation model is subject to route and energy constraints.
Second, the improvement of the continuous approximation model that simplifies a
Vehicle Routing Problem (VRP, see section 5.1.1). A VRP is a discrete problem as
each node has a specific location in space. On the contrary, a continuous approxi-
mation is based on the spatial density of customers. As the number of nodes and
the VRP complexity increases, a problem is more related to a continuous function
(Davis & Figliozzi, 2013). Lastly, the authors used speed profiles from empirical ve-
locity curves (Motor Vehicle Emission Simulator models) to add real-world driving
conditions to the energy consumption estimation. Each of the curves represents the

speed at every instant of a type of vehicle in different types of applications.

A different approach was proposed by Ghandriz et al. (2020a) on calculating TCO
for BEHVs with and without a driver for autonomous vehicles. Their model focuses
on optimising the vehicle propulsion system components in different transportation
scenarios. In order to account for the uncertainty of real-world scenarios, the au-
thors modelled four different categories of road hilliness from the literature (i.e., the
elevation faced by the vehicle at each kilometre driven on a route), which are not

restricted to a determined geographical location: flat, predominantly flat, hilly, and
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very hilly (Figure 3.3). The different hilliness of the road will lead to different en-
ergy requirements of the vehicle (Ghandriz et al., 2020a). Besides, as different types
of trucks have different loading/unloading conditions, four schemes were defined to

account for the difference in cost and duration in the TCO.
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Figure 3.3: Elevation of a back and forth travel for each hilliness category (Ghan-
driz et al., 2020a).

3.3.2 Cost-based models

Davis and Figliozzi (2013), Delucchi and Lipman (2001), and Ghandriz et al. (2020a)
TCO models considers physics and use complex mathematical equations to estimate
more realistic values. However, this is not a standard in the literature. Taefi et al.
(2017) proposed a cost-based approach for calculating a TCO of a BEHV where the
main focus is on having the formulation of costs thorough and the physics part is
approximated instead of extensive calculation. The TCO model is divided into one-
time investment (X,,), periodic fixed cost (Y,,) and kilometre-dependent cost (Z,,).
The division makes it easier to convert the costs to a present value, represented on
equation (3.1), where m is the period and d distance travelled (Taefi et al., 2017).
Xon M Zyg-d

M D
TCO = Z + +Zzl+rm

(1 +r)m = (1+7r)m —l— rmo = ( (3.1)
Taefi et al. (2017) did a pioneer work by considering the battery degradation when
charging and modelling partial recharging to increase the maximum range for TCO
models. To account for the battery degradation, they calculated the impact of
decreasing battery state of health (SOH) over time. The SOH is the real maximum
battery capacity that reduces over time as the battery degrades. They defined
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through equation (3.2) a linear relationship with SOH, the total distance travelled
R, and the battery warranty K in kilometres. By doing so, they were able to account
for the impacts of the battery degradation on the range and cost. The battery end
of life of 80% SOH used by the author is a standard measure in the literature and
industry (Taefi et al., 2017).

R
SOH =1-02- (3.2)

For partial recharging, Taefi et al. (2017) defined the charging range from state of
charge (SOC) 10% to 70%. The SOC is the battery level. This is done to take
advantage of a linear charging characteristic of a lithium-ion battery that is not
present when charging the whole battery capacity. Figure 3.4 from the authors was
based on a battery charging curve following the extensively used constant current
voltage algorithm (Gao et al., 2019). The time required to charge the defined range
of SOC 10% to 70% is roughly one-third of the time needed from SOC 0% to 100%
(Marra et al., 2012).
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Figure 3.4: Charging curve of an EV lithium-ion battery (Taefi et al., 2017).

Moreover, Taefi et al. (2017) use field test data instead of manufacturers’ data in
the TCO calculation to get more accurate energy consumption that leads to better
estimation of battery-related cost. Lastly, the authors suggest that it is necessary to
calculate for each vehicle and context the most cost-efficient planning horizon for the
ownership, contrary to the literature than has proposed a minimum or maximum
value. That means, instead of fixing the period of use of a vehicle at, for example,
six years, it should be analysed if a lower or even greater period should be considered

when analysing the TCO.

Similarly, Tanco et al. (2019) considered the battery to be an important parameter
and includes the battery end of life (EOL) in the TCO calculations. It is important
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to monitor when the battery will reach its EOL as a battery replacement affect
hugely the TCO of a BEHV. Additionally, Tanco et al. (2019) created a TCO model
that can handle different input data from different countries such as tariffs, taxes
and electricity prices. The ability of a TCO model to handle different input data
makes it possible to analyse the effects policies have on the BEHVs” TCO.

3.3.3 Probabilistic models

The TCO model discussed so far has had deterministic parameters. Wu et al. (2015)
proposed a probabilistic simulation model, which Danielis et al. (2018) developed
further, that is better able to account for the uncertainty of the TCO model’s pa-
rameters. In both models, a TCO per km is calculated and the main probabilistic
(stochastic) parameters are electricity price (variation over the day and the years),
fuel economy/energy consumption (due to traffic variability) and resale value (de-
preciation variability). Wu et al. (2015) created a statistical distribution for these
variables based on secondary data collection. They evaluated the TCO for three
different periods of use (2014, 20 and ’'25), which can give a glimpse of how the
TCO might evolve in the future. Moreover, Danielis et al. (2018) brought light to
the impact of analysing TCO among different countries, since each country has its

own cost structure regarding electricity prices, insurance premiums, and subsidies.

3.4 Energy consumption prediction

The energy consumption prediction is important for the TCO calculation as energy
use is a central variable when considering the cost for motor vehicles (Delucchi &
Lipman, 2001). Besides, the main drivers to defining technical specifications of

BEHVs come from the proper understanding of the operations.

J. Wang et al. (2018) proposed an energy consumption model considering driving
behaviour, road topography, weather conditions, and traffic situation. This is done
by using an offline and an online (real-time) algorithm. The offline algorithm will
take data from three external sources to obtain information about the (1) type of
paths to be driven, (2) the road slope, and (3) temperature and wind. The driving
behaviour is modelled as three driving speeds (maximum, minimum, nominal) based
on the path type information (1). With this initial prediction, the online algorithm
updates the model by collecting real-time data from the vehicle to update the driving

behaviour data and consider real-time traffic. This information is summarised in
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Table 3.5.

Table 3.5: Input variables for the energy consumption model of J. Wang et al.
(2018)

Offline algorithm —> Online algorithm

Three Driving speeds Driving behaviour
Road slope Traffic
Temperature and wind

Basso et al. (2021) also proposed a more accurate way to predict energy consumption,
but instead of an online algorithm, they used empirical data. The authors developed
a three steps probabilistic machine learning energy model. They combined map data
and the likelihood based on measured data with posterior measurements. Then, this
energy model is combined with a two-stage routing model. In the first stage, the
energy cost for each link on a network of intersections (such as street corners) is
calculated using the energy model and the best path between all nodes (such as
customer locations) is found. In the second stage, an electric VRP (EVRP, which
considers charging en route) is performed taking into consideration the variance of
the energy consumption (stochastic) and traffic conditions from different periods of
the day (empirical data).

Energy model

| Map data + Posterior 1| Intersections’ Node routes !
E likelihood measurement E E paths rou E

Figure 3.5: Conceptual representation of the model of Basso et al. (2021).

3.5 Supply chain impacts

From a business perspective, the operation of the BEHVs can impact the supply
chain differently than most businesses are used to. The diesel truck is the most
widely known engine type and is therefore used as a reference point for the BEHV
even though those technologies work differently (Sandén & Wallgren, 2017). The
BEHYV can have lower weight capacity (allowed weight of cargo or payload) due to
a heavy battery, and the charging strategy (overnight or daytime) can affect the
performance of the truck that may affect the supply chain (Kin et al., 2021).
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Lower capacity, increased operation cost and longer transport time might not be
ideal in supply chains where time and cost are important. The freight industry
is commonly an intermediary in supply chains and is relied on by other supply
chain members (Sandén & Wallgren, 2017). Commonly measured key performance
indicator (KPI) for a truck in freight operation is utilisation (Kin et al., 2021; Kovécs,
2017; Sandén & Wallgren, 2017). Utilisation and previously mentioned factors are
likely to be considered before purchase as they are likely to be included in the

specifications.

A charging strategy is a decision of which charging station type to use so a vehicle
of a certain type can complete the route with its battery capacity (Kin et al., 2021).
There are three different types of charging stations commonly used: the depot charg-
ing station, which is private and only the owner can use; the public charging station,
which is located in public spaces, administrated by the charging point operator, and
anyone can use when it is free; and the semi-public charging station, which can be
used by anyone but the area is restricted of access (opening hours) or the use is con-
ditional (only for customers) (Lindgren et al., 2021). Semi-public charging stations
are usually used in combination with another activity (while loading or unloading,

during a break), reducing the overall cost of charging.

Common strategies are overnight charging (only depot charging), opportunistic
charging (only public charging), hybrid strategy (combine types), and managed
strategy (cost-effective decision). The charging strategy depends on the range and
route characteristics, which affects energy consumption, but also the availability of
charging stations. If there is a need for a day-time charge, the operation cost will
increase due to higher electricity prices on the road and drivers’ cost while charging,
and transport time might increase due to detours to nearest charging stations (Kin
et al., 2021; Pelletier et al., 2016). New charging types and strategies may emerge
over time as the market grows and change this view in the future (Lindgren et al.,
2021).

From the mentions above, trade-offs for battery sizes are noticeable and are presented
in Table 3.6. The reason to choose a smaller battery is that it costs less than a bigger
one but the truck will have a shorter range (Danielis et al., 2018; Tanco et al., 2019).
Besides, the weight capacity is decreased by a bigger battery which can decrease the
utilisation of the cargo space of the vehicle (Kin et al., 2021). In contrast, the

charging strategy is not straightforward and depends on range requirements. If the
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battery chosen has a maximum range that is less than the range requirements, it
will require en route charging, which will increase cost (Kin et al., 2021; Pelletier
et al., 2016). If the range is higher than the required, then the operator can choose

overnight charging, which cost less.

Table 3.6: Trade-offs between battery size when considering supply chain (SC)
impact.

SC IMPACT ON BATTERY .SIZE
Smaller Bigger
Initial cost Lower Higher
Range Lower Higher
Weight capacity Higher Lower
Charging strategy | Depends on range and route

3.6 Purchasing process

The supply chain might be considered a stakeholder in the purchasing process. The
traditional purchasing process starts with determining functional or technical spec-
ifications for the truck by getting input from relevant stakeholders and is followed
by the selection of suppliers depending on what they offer (Weele, 2018). Sandén
and Wallgren (2017) presents the MEET model that companies can use to evaluate
switching to an electric truck and considers operational, supply and investment risks
relevant to currently used technology. The supply risk includes many energy suppli-
ers, local availability, raw material availability and infrastructure maturity (Sandén
& Wallgren, 2017). If there are high supply risks, the cost will be higher when
there are charging en route due to detours and higher electricity prices compared to
depot (Kin et al., 2021). Mapping of supply risk may therefore be useful to evaluate
the cost of charging en route or the necessary infrastructure investment and can be

considered during the purchasing process.

3.7 TCO findings summary

None of the found TCO models for electric vehicles considered cost related to selec-
tion and acquisition like the general models (Ellram & Siferd, 1993; Saccani et al.,
2017). The deployment and exploitation are covered in all TCO models found but
differently across the authors. Davis and Figliozzi (2013), Delucchi and Lipman

(2001), and Ghandriz et al. (2020a) use complex and more realistic calculation to
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estimate energy cost while Danielis et al. (2018), Tanco et al. (2019), and Wu et al.

(2015) simplified the energy calculations with estimations.

The handling of cost regarding FEnd of life in TCO models for electric vehicles was
often assumed to be a certain value based on the year and/or mileage and subtracted
from the sales value (Danielis et al., 2018; Davis & Figliozzi, 2013; Taefi et al., 2017;
Tanco et al., 2019; Wu et al., 2015).

Initial price

Infrastructure

Tariffs,
subsidies

One-time cost
(OCT)

Battery
replacement

End of
ownership

Resale value
Scrapping cost

Total cost of Charging cost

ownership (TCO)

Drivers' cost®
Operation cost | «

Maintenance

Recurring cost Battery
(RC) degradation®
Insurance
<

Figure 3.6: An adaption of the TCO framework presented in numerous studies
(Danielis et al., 2018; Taefi et al., 2017; Tanco et al., 2019; Wu et al., 2015).

Taxes

The frameworks for TCO presented in the above papers could be consolidated as
shown in Figure 3.6. The TCO is divided into one-time-cost (OTC) and recurring
cost (RC), which is similar to how van Velzen et al. (2019) did in his literature
study. This division makes it straightforward to discount the costs to a present value.
Taefi et al. (2017) divided the TCO into one-time investment cost, fixed periodic
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investment and kilometre depending on the cost which is similar to OTC and RC.
Further division of OTC and RC into TCO processes (see Table 3.2) was evident in
Danielis et al. (2018) and Tanco et al. (2019) but would be rather easy to include
in other frameworks. The costs used in the TCO frameworks, except for drivers’
costs and battery degradation (marked with *), are common in numerous papers.
Drivers’ costs are only considered by Davis and Figliozzi (2013) and Ghandriz et al.
(2020a) where they are assessing TCO in freight transport, which becomes irrelevant
when analysing private electric vehicles as in Danielis et al. (2018) and Wu et al.
(2015). Only Ghandriz et al. (2020a) and Taefi et al. (2017) calculated the battery
degradation and discount the battery continuously through the ownership period,
whereas other papers seem to simply discount the whole vehicle where the battery

is included.
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Model conceptualisation

In this chapter, the use of TCO models is understood within the business context
of Volvo and the broad market. By combining the data collected from the business
and market context with the information acquired from the literature review, the

conceptual TCO model is proposed.

4.1 Business context

Volvo already offers services for planning and structuring a BEHV fleet. However,
there is a growing interest in relating this planning with cost aspects to measure
the impact of any decision related to BEHV such as route planning, charging strat-
egy, and vehicle design. Besides, by converting complex decisions into a total cost
of ownership value, the company has a common language when interacting with

customers.

Following Saccani et al. (2017)’s definition in Table 3.3, the TCO model had to
be product and customer-specific (One-to-one TCO). Nonetheless, the TCO model
would need to be flexible enough that with small changes, it would be able to handle
a large variety of clients (such as urban distribution, regional distribution, long-haul
distribution, refuse collection) and locations (Europe and the USA). Moreover, the
model would be able to provide recommendations not only for customers that have
detailed information about their operation but also for customers that have only
rough numbers. Lastly, Volvo already has tools for energy prediction, and it was

desired to integrate them into the TCO model.

As Volvo did not have experience in using a TCO optimisation model, it was required
that comparative commercial solutions were analysed (section 4.2). So the TCO

model would be competitive with what competitors or companies specialised in
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electrification are offering.

4.2 Market context

Electric vehicles (EVs) can be considered a radical innovation due to their high
uncertainty and ambiguity, which are a huge barrier to the adoption of a technology
(Sierzchula, 2014). The technology is also complex, very different from the currently
most widely used technology (ICEV), and a lot of information is required to make
a cost-effective decision. However, due to bounded rationality and low experience
with EVs, the wiliness to adopt it decreases (Dyerson & Pilkington, 2005; Sierzchula,
2014). That said, fleet and operation managers are not used to electromobility,
investment in infrastructure, and precise planning for routes and charging of each

vehicle. Thus, there is a clear pain point that many companies are trying to cover.

The market for comparable solutions is composed of young small software companies
(such as elQ, Panion, and inno2fleet), known software companies that were already
in the logistics and operation market and improved their solution to include elec-
tromobility (such as Geotab, routedme, WEBFLEET), utility or energy companies
that create a solution for electromobility (Duke Energy), and OEMs which have de-
veloped internally (Volvo) or acquired companies from the first category to provide

the service like Ford did with the purchase of Electrify (Naughton, 2021).

These companies have built a large database of service providers, vehicle informa-
tion, charging stations location and incentives. The policies and subsidies for BEVs
vary between states in a country and fluctuate, which makes it hard for fleet man-
agers to keep track of all subsidies and their exact amount/percentage (Breetz &
Salon, 2018). By adding the customer data and requirements, these companies can

offer a platform that is able to assist in different steps of electromobility adoption.

There are solutions for the purchase process that assist in identifying which spe-
cific vehicle or route is worth electrifying based on cost savings and sustainability
measures compared to the current fleet (mainly composed of ICEVs) (eIQ Mobility,
2020). Some solutions assist in determining and managing the implementation and
use of the charging infrastructure (el Mobility, 2020) and to manage the daily op-
eration of the BEV fleet (Electrifi, 2021b). Lastly, some solutions provide everything
combined, from adoption to daily use (Electrifi, 2021a). As it is such an important

need for the market, some organisations and institutions invested in research and
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developed tools that are open for anyone to use as NACFE (NACFE, 2018) and
Electrification Coalition (Electrification Coalition, 2021) to assist in this manner.
The commercial solutions have common inputs and outputs. A summary of this list
is presented in Table 4.1.

Table 4.1: Common inputs and outputs in commercially available tools for electri-
fication.

Input Output

Average yearly/daily km If and what is worth to electrify

Fleet size TCO comparison (BEV vs. ICEV)

Long list of truck types Cost savings for charging management
Arrival & departure from depot | C'Oy savings

Lifetime of the vehicle Comparison of un- and managed charging

Fuel/energy consumption
Electricity and fuel price
Maintenance cost per km /year
Discount rate

Infrastructure cost by type
Incentives or subsidies

The benefit of the analysis of the commercial tools was that it helped validate that
the input and output of the TCO model to be developed were in line with what
the market wanted. The scope of this work assumes that the customer already
has decided to buy a BEHV. Hence, C'O; savings and TCO comparison (BEHV
vs. ICEV) are irrelevant to the model for now. The other inputs and outputs in
the Table 4.1 are in line with what was already found in the literature review (see
chapter 3).

4.3 Conceptual model

The conceptual TCO model was based on the literature review and the commercial
solutions researched and, at the same time, it was made in line with Volvo’s business
context. The purpose of the model is to support "dimensioning decision’, which is
supported by Saccani et al. (2017). Although the literature found discussed and
defined the TCO from the purchaser’s perspective, original equipment manufacturers
(OEMs) have an interest in using it (section 4.2). The use of TCO provides a
direction, highlights profitability improvements, and support in negotiation (Ellram,
1995), which should also benefit the OEMs.

Largely based upon the TCO framework (Figure 3.6), a conceptual TCO model was
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made (Figure 4.1). It has four main parts: initial cost, operation cost, ownership
cost and end-of-life cost. This subdivision of the TCO model was a combination
of the processes and temporal phases of Saccani et al. (2017). The initial cost
encompasses the ownership acquisition moment, the operation and ownership cost
encompass the exploitation phase, and the end-of-life cost set the end of the vehicle
ownership. The time from the ownership acquisition until the end of the vehicle
ownership period is defined as the planning horizon (or total number of periods).
The exploitation phase was divided into the costs of usage of the vehicle (operation
cost) and the costs of ownership and support (ownership cost). Within each of these
subdivisions, the main defined costs were based on the BEV TCO models.

End-of-Life
Cost

Operation

Initial Cost
Cost

Scrapping
Cost

Purchase

Price mm Energy Cost mm Driver Cost —

== Subsidies = Maintenance = Resale Value

Infrastructure
Cost

Battery
Replacement

= |Nnsurance L

Figure 4.1: Proposed conceptual TCO model.

4.3.1 Initial cost

Initial cost consists of the purchase price, tariffs & subsidies, and then infrastructure
cost. The purchase price was based on the manufacturer’s suggested retail price,
but it is worth mentioning that the manufacturer’s suggested retail price is normally
only a starting point for sales price as it depends on various factors such as location
in a country (Danielis et al., 2018). The purchase price was dependent on vehicle
specifications such as battery size, truck class and truckload capacity, which is sim-
ilar to what Tanco et al. (2019) did. Even though commercially there are various

payment methods available for vehicle purchasing, a single payment was chosen, as
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4. Model conceptualisation

done by numerous papers (Davis & Figliozzi, 2013; Taefi et al., 2017; Tanco et al.,
2019).

Tariffs and subsidies can change the final purchase price. Tariffs vary between
countries and are added to the purchase price (Tanco et al., 2019). Subsidies, if
available for a vehicle class, can lower the purchase price but they are also country
dependent (Danielis et al., 2018; Davis & Figliozzi, 2013; Taefi et al., 2017).

It is assumed in the conceptual model that investment in charging infrastructure is
needed for every individual BEHV added to the fleet, which was similarly done by
Ghandriz et al. (2020a). The cost of charging infrastructure depends on the required
charging power for each BEHV (Tanco et al., 2019).

4.3.2 Operation cost

Operation cost consists of energy cost (or charging cost) and maintenance cost.
Energy is a central variable for operation as it will affect both the range of the
vehicle and energy cost (Delucchi & Lipman, 2001). The energy cost is made of
energy used during the operation and the electricity price at each place the vehicle
is charged (such as depot or public charging stations) (Danielis et al., 2018; van
Velzen et al., 2019). Electricity prices at the depot are usually lower than electricity
prices at the charging station en route (Kin et al., 2021).

The maintenance and insurance cost are classified as an operational cost, similar
to Ghandriz et al. (2020a). Maintenance consists of regular maintenance and tyres.
As maintenance (Taefi et al., 2017) and insurance (Maibach et al., 2006) usually

increases with usage, both costs were kilometre dependent.

Unlike the TCO framework (Figure 3.6), battery degradation was excluded from
the conceptual model. The linear battery degradation function used by Taefi et al.
(2017) is far from reality, as lots of factors can affect the battery, such as charging
behaviour (Barré et al., 2013; Hannan et al., 2017). Besides, limited research is
available on cost due to battery degradation. Hence, a battery degradation model

would add uncertainty to the model results.

4.3.3 Ownership cost

Ouwnership cost consists of driver cost, taxes and battery replacement cost. The

driver is considered a full-time employee with a monthly salary. Driver cost was
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found to be a significant cost for truck operation as a driver is always needed for
truck operation unless it is autonomous (Davis & Figliozzi, 2013; Ghandriz et al.,

2020a), considerably increasing the cost of an extra vehicle.

Battery replacement is discussed by Tanco et al. (2019), where it was calculated that
the battery replacement was very unlikely to occur during a 10-year lifetime while
Taefi et al. (2017) considered a battery replacement was required as soon as the
warranty expired. Following Tanco et al. (2019), the conceptual model included the
battery replacement, but no battery replacements are expected to happen during

the ownership period, which is limited by the daily mileage.

4.3.4 End-of-life cost

End-of-life cost consists of resale value and scrapping cost. There is a lot of uncer-
tainty about what the resale value of the BEHV is, if any, at the end of the ownership
period and in some cases, there might be a scrapping cost (Davis & Figliozzi, 2013;
Taefi et al., 2017). However, the literature agrees on using depreciation as a refer-
ence for estimating the terminal value. Thus, the difference between the scrapping
cost and the resale value is defined by the vehicle depreciation rate that depends on

its use (total kilometres) and length of ownership.
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Model analytical formulation

In this chapter, TCO analytical model is described. First, the theoretical background
related to VRP and ACO used for the models’ formulation is presented. Second,
the complete model formulation is presented and explained. Lastly, the alternative

models derived from the complete model are presented and explained.

5.1 Model’s theoretical background

Vehicle Routing Problems are the main part of all models proposed in this chapter,
thus a brief introduction to the concept is presented. As the routing problem size
grows, it becomes harder to find optimal solutions. Hence, Ant Colony Optimization

was selected to deal with these cases, and it is also briefly presented.

5.1.1 Vehicle Routing Problems

A Vehicle Routing Problem (VRP) is similar to the Travelling Salesman Problem
(TSP). A TSP is a task of choosing the shortest (lowest cost) route to go through all
required nodes (Flood, 1956). However, on a VRP, due to some constraints (such as
capacity or time), a single vehicle is only able to visit a subset of all nodes, requiring
more than one vehicle to complete the task (Dantzig & Ramser, 1959). Figure 5.1
compares the solution of a TSP and a VRP where only a single route is created with

the TSP solution while the VRP solution creates three routes from a single origin.

VRP is the general term for a vast possibility of problems. The VRP literature
can be classified by the type of study (e.g., exact methods, heuristics), scenario
characteristics (e.g., number of stops, customer demand), physical characteristics
(network design, type of vehicles), and the characteristics of the information and
data used (Braekers et al., 2016).
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Figure 5.1: Graphic representation of a TSP (left) and a VRP (right) solution.

The classical VRP is the Capacitated VRP (CVRP) in which the vehicles are identi-
cal, they have limited load capacity, and there is only one depot that is the starting
and ending node for all vehicles (Braekers et al., 2016). From it, depending on the
scenario and physical characteristics, the problem can be expanded. For example,
when each node has a specific period of the day they must be visited, this is known
as the VRP with Time Windows (VRPTW) (Braekers et al., 2016). If the vehicles
are different from each other, it is defined as Heterogeneous fleet VRP (HVRP)
(Braekers et al., 2016). For BEVs, there is the need to consider charging stations,
battery capacity, battery level and charging amount. This problem is classified as
the Electric VRP (EVRP) (Schneider et al., 2014). Each VRP can be combined as

needed into a more comprehensive model as illustrated in Figure 5.2.

Cow

Electric

Time Windows Heterogeneous

VRPTW J { EVRP J

NSNS

EVRPTW

HVRP J

HEVRP

Figure 5.2: Example of VRP sub-problems and their combination.

Some of the VRP classifications are easily implemented with small changes. How-
ever, there are more complex problems that require major changes on the problem.
For example, the VRP with Lunch Break (VRPLB) optimise the moment and loca-
tion the driver should have a pause required by law. However, its full implementa-

tion almost doubles the problem size (Coelho et al., 2016). Hence, even very small
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5. Model analytical formulation

problems take a lot of time to solve. When that happens with any VRP type, the
literature usually creates simplification or heuristic models to find close to optimal

solutions.

5.1.2 Ant Colony Optimization

Ant Colony Optimization (ACO) is a meta-heuristic and a common term for different
versions of ant system algorithms (Dorigo & Di Caro, 1999). A heuristic is a cogni-
tive tool used to make fast decisions under uncertainty, which is based on "discovery"
and "investigation" (Neth & Gigerenzer, 2015). In computer science, heuristics are
used to obtain near optimal solutions in a reasonable time, but it does not assure
a feasible or optimal solution (Beheshti & Shamsuddin, 2013). Meta-heuristic is
an iterative process that strategically guides heuristics to generate better and more
efficient solutions (Beheshti & Shamsuddin, 2013). Whereas ant system algorithms
are based on the observed behaviour of real ants in coordinating and structuring
their movement (between a food source and the nest, for example) (Colorni et al.,
1991).

Ants use a simple communication method through the release of pheromones as
they move (Tang et al., 2019). When an ant finds food, for example, on its way
back, it will release a pheromone that will guide other ants to the food and back to
the nest. As the pheromone evaporates constantly over time, the shorter paths will
have a higher concentration of pheromone than longer paths. As a result, other ants
will follow shorter paths with higher chances than longer ones, leading over time to
a dominant path. Figure 5.3 represents this behaviour: (a) ants discover different
paths; (b) pheromone accumulates faster on the shorter path; and (c) ants converge
to the shortest path found (Tang et al., 2019).

ACO has been widely used for TSP and VRP with success as it has advantages
over other optimisation methods (X. Wang et al., 2016). However, the efficacy of
an ACO highly depends on its implementation, since it can easily reach stagnation
on a local optimal (Mavrovouniotis et al., 2019). Therefore, a variety of ant system
algorithms that have been developed for different VRP types can be found in the

literature.
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Figure 5.3: Ant foraging behaviour (Tang et al., 2019).

5.2 TCO complete model formulation

Following the definition presented in the section 5.1.1, the model is a VRP with
capacity, volume and time windows constraints, energy consumption, and charging
within route when required. Besides, it considers a fleet mix, i.e., the vehicles can
be different from each other. Hence, the model can be defined as a HEVRPTW:
heterogeneous electric vehicle routing problem with time windows. The driver’s
break is also modelled, but through a simplification, thus it cannot be considered a
VRPLB (Coelho et al., 2016). Regarding charging strategies, there is the possibility
of overnight charging, opportunistic charging at public or semi-public (at customers

and break locations) charging stations, and a hybrid strategy that is a mix of both.

The TCO is composed of the main costs for electric trucks as discussed in the
conceptual model (section 4.3). Time is in [s], distances are in [m], weight in [kg],
volume in [dm?], energy is in [Wh], power is in [W], and costs are in [SEK] and are
discounted monthly. All sets, parameters and variables of the model are compiled
in Table 5.1.

C is the set of ¢ customers without semi-public charging stations. G is the set of
g customers with semi-public charging stations. F is the set of f public charging
stations and F’ is the set of charging stations and their D dummies, such that
F''=F when D = 1. H is the set of h lunch break locations that may or may not
have (semi-)public charging stations. A is the set of nodes. Nj is the set of nodes
without the depot (node 0). V is the set of v heterogeneous trucks. If a truck is
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5. Model analytical formulation

allowed to be used more than once, it should be duplicated in the input.

The input parameters for the routing are nodes coordinates for route visualisation,
the demand weight \; of node 7, the demand volume ¢; of node 7, the vehicle curb
weight W, the weight capacity A" for each truck variant v, the volume capacity ®*
for each truck variant v, the lower bound time windows L; and the upper bound
time windows U; for node ¢, the service time S; of customer i, the distance Dj;
between nodes ¢ and j, the travel time 7T;; between nodes ¢ and j, and the driving
time limit by law L, allowed without a break. For the linearised routing constraints
that requires a sufficiently large constant is required, M = max{U; + T;; +S; — L;}

is used.

The input parameters for the energy are the energy coefficients c;; and f3;; between
nodes 7 and j, the battery utilisation 7, the net battery capacity B for each truck
variant v (which is the total battery capacity multiplied by 7), the charging rate R;
of public and semi-public charging station i (R; = 0, if ¢ has none), and the vehicle’s
system power S.. For the linearised energy constraints that requires a sufficiently

large constant, B,,.. = max,B" is used.

The input parameters for the costs are planning horizon P, the monthly discount
rate D,, the number of working days per month W, the vehicle acquisition price
A" for each truck variant v, the subsidies for vehicle acquisition and charging in-
frastructure S, the charging infrastructure cost /¢, the electricity price at the depot
E4, the surplus electricity price to charge en route E,, the monthly driver’s salary
D, the vehicle maintenance cost per kilometre M;, the taxes per vehicle T, and
the insurance cost per vehicle I;. The binary parameter R} has a value of 1 if the
battery of all vehicles has to be replaced during its ownership at period p and B,
is the equivalent battery cost. The parameter D, is the depreciation rate of the

vehicles over the ownership period.

The decision variables present in the model are: the binary variable z;; has a value
of 1 if the arc from node ¢ to node j is in the optimal route; the binary variable z};
has a value of 1 if the arc from node i to node j uses truck variant v; w;; is defined
as the vehicle load weight from node 7 to node j; s; is the serving duration at node
1; y; is the arrival time at node i; 7; is the arrival time back to the depot with i as
the final node before the depot; e;; is the arc energy cost from node ¢ to node j is in
the optimal route; b; is the current battery level at node i; ¢§; is the charging amount

at public and semi-public charging station ¢; the binary variable pu” has a value of 1
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if the truck variant v has to stop at a lunch break location.

The optimisation objective is to minimise the total cost of ownership:

Minimise Y | Y (A" + Iy — S;)z; (5.1)
veV jeN
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Table 5.1: TCO model sets, parameters, and variables.

Sets

C=A{1,..c} Set of customers without charging stations

G=A{c+1,...c+g} Set of customers with charging stations

F={c+g+1,.., Set of charging stations and their dummies
c+g+D-f}

H={c+g+D-f+1,...,
c+g+D-f+h}

N ={0}UCUGUF'UH

No=CUGUF UH

Set of lunch break locations

Set of nodes
Set of nodes without the depot

V=A{1,..,v} Set of truck variants

Parameters

c Number of customers without charging stations
g Number of customers with charging stations

f Number of charging stations

D Multiplier for dummy charging stations

h Number of lunch break locations

v Number of truck variants

i Demand weight [kg]| of node i

o Demand volume [dm?] of node i

wv Vehicle curb weight [kg] of truck variant v

AY Vehicle weight [kg] capacity of truck variant v
v Vehicle volume [dm?] capacity of truck variant v
[Li, Ui Time windows [s] of node 4

S; Service duration [s] at customer i

D;; Distance [m] between nodes i and j

T Travel time [s] between nodes i and j

Ly Limit driving time [s] without a break

M Sufficiently large constant

aij, Bij Energy coefficients [Wh/kg, Wh] between i and j
BY Net battery capacity [Wh] of truck variant v
R; Charging rate [W] of charging station i

Se Vehicle’s system power [W]

Birax Sufficiently large constant

P Planning horizon length in months
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Table 5.1 — continued from previous page

D, Monthly discount rate
Wy Working days per month
AY Vehicle acquisition cost [SEK]
S Total subsidies [SEK]
Iy Charging infrastructure cost [SEK]
E, Electricity price [SEK/WHh] at the depot
E, Surplus electricity price [SEK/Wh] charging en route
Dy Driver cost [SEK/month]
M, Maintenance cost [SEK/km]
T, Vehicle’s taxes [SEK/month)]
I Vehicle’s insurance cost [SEK/km]
RY Binary, indicates if battery replaced on period p
B. Battery cost [SEK]
D, Depreciation rate
Variables
Tij Binary, indicates if arc (i, 7) is used
2 Binary, indicates if arc (¢, 7) is used by truck v
(ny Vehicle load weight on arc (i, j)
S; Service duration at node i
Yi Arrival time at node ¢
T; Arrival time at depot with last route node 7
€ij Energy consumption on arc (i, )
b; Battery level at node ¢
i Charging amount at charging station ¢
T Binary, indicates if truck v visit break location

The objective function is composed of the four parts of the conceptual model: (5.1)

is the initial cost, (5.2) is the operation cost, (5.3) is the ownership cost, and (5.4) is

the end-of-life cost. The formulation of this objective function was based on equation
(3.1) from Taefi et al. (2017). (5.1) and (5.4) are one-time cost from period 0 and the

final period, respectively, (5.2) are variable-dependent cost and (5.3) are periodic

fixed cost.

Constraint (5.5) ensures that every customer is visited only once. Constraint (5.6)

states that each charging station can be visited at most once. If charging stations can
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be visited more than once, the dummy nodes D should be defined accordingly. This
approach increases the number of nodes, but it avoids adding an extra dimension
to many variables (Basso et al., 2021). As the charging stations and their dummy
equivalent are in the same location, the distance or travel time between them should
be set to a large value to restrict these paths. Constraint (5.7) ensures that every
vehicle leaves the node it enters, so the same truck variant is used for the whole
route of that vehicle. Constraint (5.8) ensures that x;; and zj; define the same
route. Constraint (5.9) limits each variant to a single vehicle. Constraints (5.10)
and (5.11) calculate the service duration for customers, lunch break, and charging
stations, respectively. The "service duration" of the lunch break is the length defined
by law for a driver’s break. Constraints (5.12) and (5.14) calculates the arrival time
at the nodes. Constraints (5.13) and (5.15) restrict the arrival time to the time
windows of each node. Constraints (5.16) and (5.17) calculates the load of the truck

on each arc i to j. Constraint (5.18) defines the volume constraint of the trucks.

Constraints (5.19) and (5.20) calculates the energy cost of the arc i to j. Constraints
(5.21)—(5.24) calculates the battery level based on the selected battery capacity.
Constraint (5.25) limits the battery level to the required energy to go back to the
depot. Constraints (5.26)—(5.28) calculates the required charge at any charging
station and the consequently battery level. Constraint (5.29) limits the charging
amount at semi-public charging stations and lunch break locations to their respective
service duration. Constraints (5.30) and (5.31) indicates if truck variant has to have
a break when the total time driving is above the limited defined by law, limiting it

to a single stop. Finally, constraint (5.32) defines the three integer variables.

The constraints’ formulation is a combination of a few authors. The basic formula-
tion of a VRPTW (5.5), (5.12), (5.13) and (5.16)—(5.18) was based on Desrochers
et al. (1988). The energy consumption and charging modelling (5.6), (5.10), (5.11)
and (5.19)-(5.28) was based on Basso et al. (2021) and Ma et al. (2021). Finally,
the implementation of the truck variant dimension (5.7), (5.8), (5.17)—(5.22), (5.25)
and (5.28) was inspired by Bektag and Laporte (2011) and Golden et al. (1984).
The lunch break constraints (5.30) and (5.31) were created to take advantage of the

time windows constraints, without the need to fully implement a VRPLB.

The total time 7; and the arc energy cost e;; calculations are originally non-linear:

7i = (Y + Tio + 5i)Tio (5.33)
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€ij = aij(Z WvZ;)j + wz-j) + ﬁijxij + Se(yj - yz)x” (534)
veEV

Constraints (5.14), (5.19) and (5.20) are the linearisation of equations (5.33) and

(5.34), which were based on Bektag and Laporte (2011) and Cordeau et al. (2007).

5.3 Alternative models

The HEVRPTW is NP-hard, i.e., its computational effort and complexity make
it extremely difficult to find the optimal solution through exact methods. This is
already true for considerably small cases (20 nodes in total). As it is common to face
problems larger than this, three alternative methods are proposed derived from the
complete model (section 5.2). All alternative methods still follow the same TCO
conceptual model presented in the section 4.3 and are inspired by the complete

model formulation (5.2).

5.3.1 Simplified model

This model is a modularisation of the complete model, thus any information ex-
plained regarding the latter, also applies to the former. The complete model can be
divided into three main parts: the public charging, the heterogeneous fleet and the
lunch break. Removing any of these parts can drastically reduce the computational
time. However, this requires experimentation with the problem being analysed to

understand the problem.

For example, one could start by solving the problem without these three parts. That
means, there is no option to charge on public charging stations, there is no lunch
break, and only one truck variant is available (which has the highest capacities).
The number of duplicated truck variants, i.e., the minimum number of vehicles, is
defined by the total demand divided by the maximum load capacity. If the problem
is infeasible, that means that either overnight charging is not enough to conclude the
route or the time is too strict for the minimum number of vehicles. If it is feasible,
the list of truck variants can be reduced to the two closest battery capacities of the
total energy consumed to complete the route divided by the number of vehicles.
This iterative process continues by gathering information about the problem and
adapting the model to the needs until it reaches the complete model or when an

optimal solution of a simplified version is good enough.
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Although this model can solve larger problems than the complete model, it is still
sensible to large problems and is highly dependent on the variant capacities. The
easier it is for a variant to complete the route, the faster an optimal solution is

found.

5.3.2 Hybrid model

This model is a combination of a VRPTW with a Microsoft Excel spreadsheet that
takes the output of the VRPTW and all cost parameters as input. The possibility to
charge en route is removed and the problem is limited to a single truck with enough
battery capacity (even if not realistic) and realistic load capacity to complete the
route. By doing this, it is possible to find optimal solutions for considerable larger
problems. There is still, though, the option of the lunch break. This VRPTW still
has the TCO as the minimisation objective and provides the total route distance,
total route duration and the average powertrain energy consumption [Wh/m]. On
this work, the powertrain energy consumption is defined as the energy consumed by
vehicle’s powertrain only, not considering electronic and auxiliary systems. In case
more than one vehicle is required, this information is collected per vehicle together

with the total load and service duration.

The spreadsheet has two models. The first model calculates the required charging
and gives as an output the most cost-effective battery capacity. Then, it provides
the TCO for the two closest battery capacities based on the battery pack size of
the truck variants being analysed. That means, if the optimal battery capacity is
125 kWh and the battery pack size is 50 kWh, the two variants analysed have the
battery capacity of 100 kWh and 150 kWh. The truck variant with the immediately
lower battery capacity (100 kWh in the example) will require an extra charge to
compensate for the savings on battery size, whereas the immediately higher battery
capacity (150 kWh in the example) may have savings from charging as it has more
capacity than the optimal one (125 kWh in the example). The second model does the
opposite. It takes the battery capacity as input and provides the required charging
amount and final TCO as output.

With the VRPTW output, a significant part of the uncertainty of the problem
analysis is removed. As all costs are deterministic and dependant on themselves or
the VRP output, the only decision left to make is the charging strategy. From the

explanation in the section 3.5, there are four different locations vehicles can charge:

42



5. Model analytical formulation

depot, public charging stations, customers, and break locations. The decision of
where to charge is guided by the charging stations’ availability and cost. The cost of
charging is not only the cost per Wh charged but also the time cost while charging
and the distance and time cost of the detour required to reach the charging station.
Nevertheless, these two extra costs are only present in public charging stations
(section 3.5). The cost of time charging is equivalent to the energy cost of the
vehicle’s system power and the detour cost is equivalent to the average distance to

a public charging station and the average route speed (given by the VRP).

To decide on the charging strategy, the vehicle acquisition cost is broken into two
costs: base acquisition price [SEK] and battery cost [SEK/kWh|. Besides, the
total cost of charging [SEK/kWh] is discounted over the whole period of analysis.
As a result, the cost of charging is comparable with the battery cost and the charg-
ing strategy decision becomes straightforward. As long as the charging option is
cheaper than extra battery capacity, the model charges for the maximum amount
possible considering the time available at that location. The logic is the same for
both spreadsheet models. This may lead to a negative most cost-effective battery
capacity (spreadsheet first model). This means that charging is cheaper than more
battery capacity and the amount of time available allows to select the lowest possible

capacity.

The advantages of this model are the possibility to handle larger problems and
flexibility. As it is on a spreadsheet, it is easy to perform a large amount of scenario
and sensitivity analyses. Therefore, this is the best model to use if there is limited
information available about the customer requirements and operations. For instance,
just the total daily mileage and the region the vehicle would be used. The VRPTW
can be a support to give a good estimation of powertrain energy consumption from
a generic created route within the region. On the other hand, the detour cost is an
approximation and the model cannot handle cases where the charging rate, cost of
the charging stations and the battery cost vary significantly, since only the average
is used. Besides, the availability of the charging stations is only generally assessed
by accounting for the number of stops at charging stations required based on the

needed charge en route and the net battery capacity.
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5. Model analytical formulation

5.3.3 Ant Colony Optimization model

This model creates the HEVRPTW with semi-public charging stations and lunch
break of the complete model using meta-heuristics. It is based on Mavrovouniotis et
al. (2019) that used the MAX — MZN Ant System (MMAS) where each ant rep-
resents a vehicle. Since the main objective is to compare with the complete model,
it was also done in AIMMS. Analysing and optimising the computational time is
not part of the scope of this work, since it would be significantly more efficient if
implemented in another language like Python or C, as it is done in the literature.
Nevertheless, Mavrovouniotis et al. (2019) reach the best solutions in a matter of
seconds, without parallelism. Therefore, the advantage of this model is the possibil-
ity of handling any problem size within a reasonable time. The disadvantage is that
the solution is not optimal, efficiency depends on the algorithm implementation, and
it requires hyperparameters tuning. The ACO algorithm and the explanation of its

functions are presented in the following sections.

Main algorithm ACO-HEVRPTW

% Generate initial solution and initialise pheromone trails
InitialisePheromoneTrails
OptimiseVehicleVariants
while ( iteration limit is not reached ) do
% Find iteration best solution
while ( colony iteration limit is not reached ) do
ConstructSolutions
OptimiseVehicleVariants
if ( C*<C%® ) then
Cib <_cn
end
end
% Check best so far solution
if ( C® <C% ) then
CY « C®
end
UpdatePheromoneTrails
ResetPheromoneStagnation

end
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5.3.3.1 Initialisation

In order to start the algorithm, the pheromone trails 7 for the virtual ants has to be
initialised. The initial solution generated follows a greedy algorithm in which the
next node to be visited is the cheapest. This initial solution is actually a TSP, but

it is good enough to start the ant system. Hence, the initial pheromone trail is:
70 =1/pCo V(i,j5) € N (5.35)

where 79 is the initial pheromone value for all possible paths (i,j), p is the pheromone
evaporation rate and Cj is the TCO for the initial route. For this solution, the
acquisition price is the base acquisition price and the battery cost for the total

energy required to complete the TSP.

5.3.3.2 Optimising the fleet size and variants

As each vehicle in the fleet can be different from the other, the most cost-effective
vehicle has to be identified. Hence, the optimal fleet size is calculated and opti-
mal vehicle variants are selected after constructing any solution. This is done by
considering the load (weight and volume) and battery capacities available. First,
the vehicle’s variants that maximise the truckload based on the total demand are
selected. For instance, if the total demand is 10t and there are trucks of 6t and 8t,
the optimal fleet is composed of two 6t. If the total demand is 14t, one 8t and one
6t.

Second, the optimal battery capacity is selected based on the cost of battery capacity
in comparison with the cost of charging at different charging stations, as explained
in the section 5.3.2. If charging at public charging stations is cheaper, the lowest
battery capacity is selected. Otherwise, the semi-public and break location charging
stations are evaluated. If a charging station cost is lower than the capacity cost,
then the whole available time to charge is used. The optimal battery capacity is
the lowest capacity that is higher than the total energy of the calculated solution
subtracted by the total charge amount from semi-public and break location charging

stations.

This process is done by each vehicle used and the variant selected is the one that has
both the load and battery capacity calculated. If no variant has this combination,
the cheapest variant with the same battery capacity but higher load capacity is

selected. The initial solution may not be a feasible solution as there are other
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constraints that were not considered, such as time, that may increase the fleet size.
Therefore, only for the initial solution, extra vehicles are generated for constructing
solutions later on. These vehicles have the same battery capacity as the optimal

vehicle and the minimum load capacity available among the variants.

5.3.3.3 Constructing solutions

As explained in the section 5.1.2, ants make decisions based on the pheromone trail
level. Each decision will lead to the next node until all mandatory nodes are visited
or there are no more ants available. The probability which governs the decision of

each ant k£ at node ¢ of selecting the destination node j is defined as:

(7i)* (miz)” A rh

ko . fjeN,
Pij = Zienn (Ta)*(ma)’

0, otherwise

(5.36)

where 7;; is the pheromone trail, 7;; is the visibility or local heuristic value, o and
/3 controls the relative importance of 7;; and 7;;, and N is the set of the allowed
nodes j that ant £ can visit from node 4. 7;; is initialised as 7 and is updated at the
end of each global iteration or reinitialised when stagnation is reached. n;; is based
on Dang et al. (2022) and defined as:

1
Mg = 777~ V(i,7) e N (5.37
T ey(Ui = s5) (4.7 (5.37)
s; = y; + T (5.38)

where U; is the upper bound time windows of node ¢, y; is the arrival time at node i,
T;; travel time between node 7 and j, and ¢;; is the path operational cost, a simplified
version of the total cost of ownership calculation considering operational cost and

the battery capacity cost:

Cij = (EdePU + Bn)elj + (EdoPv — Bn)(sj + (Mt + [s)WdeDij (539)
Ba (1-D,)
B,=—(1-V,— P A4
n= V- ) (5.0

where E, is the electricity price at the depot, F, is the surplus electricity price
for charging en route, Wy is the working days per month, P, = 37" 1/(1 + D,)? is
the present value of monthly discount rate D, and planning horizon length P, M,

is the maintenance cost per km, I is the insurance cost per km, e;; is the energy
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consumption on arc (7, j), ¢; is the charge amount at node j, D;; is the length of
arc (i,7), By is the net battery cost per kWh, B, is the total battery cost per kWh,

B, is the battery utilisation, and Vj is the percentage of vehicle subsidies.

The set of allowed nodes is the nodes that respect the general model constraints.

The constraints are:
o FEach node can be visited only once
o All customers must be visited
e Only one break location should be visited
e The arriving time at a node must respect its time windows
o Vehicle’s load capacity must be equal to or higher than the customer demand
e The vehicle must have enough battery to reach the next node

Here, enough battery means either that the vehicle has enough battery capacity to
visit a node (without a charging station) and the closest charging station of that
node or enough battery to visit a charging station. Regarding the charging policy,
for public charging stations, the vehicle always fully recharges and only charges when
it does not have enough battery to visit a customer. The model fully charges the
battery for simplification of the charging logic. For semi-public charging stations,
the model charges only if one of the conditions is satisfied: the cost of charging is
lower than more battery capacity, or the total energy required is higher than the
biggest battery and semi-public electricity cost is lower than public. When an ant
does not have any more allowed nodes to visit, it will come back to the depot when
it has enough battery and close the route. Then, the next ant is called (if there is

still more available).

5.3.3.4 Updating pheromone trails

Over time, the best solution is highlighted by higher values of pheromone whereas the
less used paths’ pheromone evaporates. After each global iteration, the pheromone

trail 7;; is updated as follows:

T = (1= p)rl, + Arheet V(i,j) e N (5.41)
Aqbest — { 1/C%st if arc (i, ) belongs to best solution (5.42)
L 0, otherwise '
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where Ot is the TCO for either the iteration best solution C*® or the best so far
solution C%. " is only equal to C% every fixed number of iterations, otherwise

it is equal to C (Mavrovouniotis et al., 2019).

Moreover, the pheromone trail 7;; has minimum 7,,;, and maximum 7,,,, values.
Tmaz = 1/C%, where C% is equal to Cyy before the first best so far solution is found.

Tmin 15 set as 2% of 7,4, for this work.

5.3.3.5 Resetting pheromone trails

It is common for ant systems to converge to a solution and stagnate quickly (Mavrovouni-
otis et al., 2019). If no improvement on the best so far solution is found after a fixed

number of iterations, all values of pheromone trails 7;; are reset to T,,qz-

5.4 Models’ summary

This chapter presented four different models for TCO optimisation following the
TCO conceptual model elaborated in the section 4.3. All models are based on a
routing model (VRP) and a cost model. The complete model is an exact method
using linear programming to find optimal solutions. As it is extremely difficult to
compute as the problem grows, it may fail to provide solutions within a reasonable
time. Therefore, three alternative methods are presented. The simplified model is
a modularisation of the complete model. The hybrid model is a combination of a
simpler version of the complete model combined with a spreadsheet. The last model

is an Ant Colony Optimization, meta-heuristics using Ant Systems (Figure 5.4).

Mixed Integer Complete
Programming (MIP) aglelel=]

I
. o | ..
Slmp“fled | Heuristics
model : model model
|
I
Modularized 1 Simpler MIP + Ant Colony
Complete model 1 Spreadsheet Optimization
I

Figure 5.4: Overview of the TCO models proposed.
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The complete model is the main model of this work, and it was used to perform
all results in the section 6.3 while the spreadsheet model was used to analyse the
results. However, the alternative methods exemplify some of the possible paths to
follow when dealing with complex real-world applications. Besides, the hybrid model
and the ACO model were used to check the validity of the results of the complete

model in the section 6.3.5.
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Model application

In the following section, the model application is demonstrated. First, the required
data by the model is listed by their sources. Second, cases to validate the models
are presented. Third, the model outputs, cost results and sensitivity analysis from
each case are listed and analysed. Finally, the main findings of the results are
consolidated and discussed as well as the research questions of this work (section

1.2) are answered.

6.1 Input parameters for data collection

The input parameters for the model were divided into three sources: gathered in-
ternally from Volvo, external data from literature or the internet, and assumptions
(Table 6.1).

Table 6.1: Input parameters of the TCO model and their source.

Internal External Assumption
Problem coordinates Charge stations coordinates | Planning horizon
Distance Charging rate Working days
Travel time Charging cost Working hours
Energy coefficients Discount rate Time windows
Demand weight & volume | Infrastructure cost Battery replacement
Weight & volume capacity | Electricity price
Battery capacity Driver cost
Battery utilisation Taxes
Curb weight Insurance
Vehicle’s system power Subsidies

Depreciation rate

Battery density

Maintenance cost

Acquisition price

Service duration
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6.1.1 Internal data

Internal data refers to data or information received directly from Volvo. Table 6.2

shows the internal data and their values for the three cases.

Table 6.2: Internal input data for each case.

Internal data Urban Regional Long-haul
Problem coordinates Gothenburg  Skane Sweden
Demand weight & volume [t, m?] 7, 69 17, 85 23, 69
Weight & volume capacity [t, m?] 6/8, 60/80 17, 85 33, 99
Battery pack capacity [kWh] 49 90 90

Battery utilisation 60 % 60 % 60 %

Curb weight [t] 10 20 11
Vehicle’s system power kW] 4 18,8 5,6
Distance, travel time & energy Node-to-node tool output

The vehicle specification was battery capacity (depended on the number of battery
packs and the battery pack size), weight and volume capacity, battery utilisation,
curb weight and vehicle’s system power. The vehicle’s system power is composed of
the auxiliary system power (such as air compressor, pump, heater) and the electric
power take-off (ePTO, such as cooling body, refuse compression), which are affected
by the size of the truck and temperature. Bigger trucks were used in the regional
and long-haul case thus bigger load capacity and system power. Additionally, for
the regional case, the trailer was refrigerated that added 13.2kW to the vehicle’s
system power. The battery utilisation is the portion of the battery that is used to
take advantage of the linear charging behaviour (Figure 3.4). It is assumed to be
60% battery utilisation, from 15% to 85% with an additional 10% safety margin.
Customer-specific data received from Volvo was the coordinates, demand weight and

volume, which varied between cases.

Distance, travel time and energy coefficients were an output from a tool from Volvo
based on the framework used by Basso et al. (2021). This tool takes in multiple
coordinates and calculates the optimal path between each node. Then, it provides
the distance, travel time and energy cost broken down into the energy coefficients a
and 3 between all nodes. The energy consumption prediction considers powertrain
energy consumption, acceleration, braking, road inclination, rolling resistance, drag,

temperature, traffic between nodes, and regenerative energy from braking.

The tool’s calculation of the energy consumption e [Wh| for a certain road uses the

following formula:
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. (ad 4 gdsin(0) + gC,dcos(8))m + 0.5C4Apd(v} + (vi — v7)/2) (6.1)
36007 ‘

where m is the mass, a is instantaneous acceleration, d represents the total surface
distance, ¢ is the gravitational constant [9.81m/s?], € is the road inclination, C,
is the rolling resistance, A is the frontal surface are of the vehicle, p is air density
[kg/m?3], v is instantaneous speed and 7 is battery-to-wheel efficiency (Basso et al.,
2021).

Each path (i,j) is composed of many road links and intersections. For a given path
between customers, the mass is constant due to no loading or unloading. Thus, the

expected energy consumption of path (i,j) can be calculated by:
eij = ozijm —+ Bij (62)

where o and [ are the energy coefficients.

6.1.2 External data

The data that was not available internally was searched for elsewhere in the literature
and other sources. Table 6.3 summarises the values and the sources of the external

data for the three cases.

Charging stations in Sweden were found by using ChargeFinder.com. To find accu-
rate charge rate and cost for each charging station, the operator’s website was visited
if cost information was not updated on ChargeFinder.com. Latitude and longitude
coordinates were acquired from Google Maps for the depot, charging stations, break
locations, restaurants and groceries retailers. No dummy charging stations were
added in the urban case but in the regional and long-haul case dummies stations
were added so the truck could visit some charging stations twice if needed. The
electricity price for the depot is the result from a calculator at Fortum (2022) where
the price for a medium-size company user is fixed for a 12-months contract. From

that, it is assumed the price is the same throughout the whole horizon.

The discount rate of 7% is taken from Asplund (2020) for governmental investments
in road freight transport in Sweden. The depreciation rate was influenced by the
planning horizon and the total mileage. Taefi et al. (2017) calculated it as 50% of
the acquisition price for really low mileage and 100% for high mileage, both for a 10-
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Table 6.3: Values

and sources for external input data.

External data Value Source
Coordinates Latitude, longitude Google, 2022)
Charging rate 22-350 kW ChargeFinder, 2022; Ljungdahl, 2020)

Charging cost
Discount rate
Infrastructure cost
Electricity price
Drivers’ salary
Drivers’ cost
Taxes

Maintenance cost

2.75-5.5 SEK/kWh
™%

2 000-6 000 SEK/kW
1.13 SEK/kWh

29 500 SEK/month
44 105 SEK/month
>8 731 SEK/year
1.324 SEK/km

ChargeFinder, 2022; Ljungdahl, 2020)

Asplund, 2020)

Basma et al., 2021; Karlstrom, 2020; Lindgren et al., 2021)

Fortum, 2022)
Statistics Sweden, 2022)
Bjorn Lundén AB, 2019)

Basma et al., 2021)

Insurance 1.25 SEK /km Maibach et al., 2006; Williams & Murrey, 2020)
Subsidies vehicle 20% The Swedish Energy Agency, 2020)

Subsidies infrastructure | 30% Swedish Environmental Protection Agency, 2022)
Depreciation rate 50%-100% Taefi et al., 2017; Tanco et al., 2019)

Battery density 110 Wh/kg Battery University, 2021)

Battery cost 2 272 SEK/kWh
1 850 000 SEK

~13 min

Sharpe & Basma, 2022)
Taefi et al., 2017)
Levandi & Mardberg, 2016)

Base acquisition price

(
(
(
(
(
(
(
(
(The Swedish Tax Agency, 2022)
(
(
(
(
(
(
(
(
(

Service duration

years horizon. Besides, Davis and Figliozzi (2013) and Tanco et al. (2019) estimated
that 20% of the truck value is left after 10 years for an intermediate mileage. An
exponential decay for years and linear decay for mileage of the depreciation rate was
created to ensure the model could handle different length of planning horizon and

mileage.

The infrastructure cost depended on the operation need for an AC charger (<22 kW)
or a DC fast charger (>50 kW). The cost for an AC charger was 2 000 SEK/kW,
and 6 000 SEK/kW plus 1.2% per year of the initial investment as an operating
expense if a DC charger was needed (Basma et al., 2021; Karlstrom, 2020; Lindgren
et al., 2021). Taxes for operating trucks in Sweden were at least 8 731 SEK/year
for a medium-sized truck with two axles (as in the urban case) but increased to
13 896 SEK/year for large trucks with more than three axles (The Swedish Tax
Agency, 2022). The tax numbers then increased depending on how often tolls gates
were passed during a day (The Swedish Tax Agency, 2022). The average driver’s
salary in Sweden is 29 500 SEK/month, according to Statistics Sweden (2022), but
the total driver cost would be 44 105 SEK/month for the average salary because an
employer in Sweden needs to pay holiday, insurance and other governmental tax/fees
on top of the salary (Bjorn Lundén AB, 2019).

Insurance cost was calculated as average cost per km in Germany. Insurance cost
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from Williams and Murrey (2020) in the US was converted to the EU market based
on the results from Maibach et al. (2006) where average insurance in Germany was
22% higher than in the US. Maintenance cost had also cost per km and for an average
truck in EU (Basma et al., 2021). Subsidies for BEHVs in Sweden are the lowest
amount between 20% of the initial price of the BEHV or 40% of the difference in the
price of the BEHV and a comparable ICEV (The Swedish Energy Agency, 2020).
To simplify, 20% subsidies were always assumed to be the selected one, which means
that the comparable ICEV’s price is at most 50% of the BEV. Subsidies for non-
public charging infrastructure are more subjective and can vary between 30% and
65%, but large companies can only get a maximum of 40% (Swedish Environmental
Protection Agency, 2022). It was assumed to be always 30% of the infrastructure

investment.

The acquisition cost of trucks depended on the truck type, which varies with the
load capacity and battery size. Battery density and battery cost were used to
calculate the difference in cost and weight of changing the battery size of the truck.
Both battery density and cost were the industry average values. A cost factor for
increasing load capacity was used to calculate the cost of larger truck types. The
acquisition price for a medium-sized truck was based on (Taefi et al., 2017) which
was converted to around 2 million SEK. Based on the battery cost [SEK/kWh], the
cumulative inflation in Sweden and the cost projection by (Wu et al., 2015), the

base acquisition price, i.e., without battery cost, was around 1.85 million SEK.

Lastly, the expected service time at a customer was taken from Levandi and Mard-
berg (2016) thesis where they had gathered data about the time spent in freight
distribution with a medium-sized truck. The average time spent was around ten
minutes with a standard deviation of six minutes. As it is not normally distributed,

a uniform distribution from 5 to 25 min was used to build the cases.

6.1.3 Assumptions

A couple of assumptions were made for the values that there was no internal data
available or simply there is not a standard value for it in the literature, but it is

particular for each case. They are listed in Table 6.4.

It is assumed that there are at least eight hours available to charge at the depot for
the urban case and four hours for the long-haul case but no depot charging at the
regional case. For vehicles with a net battery of up to 176 kWh (60% of the total
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Table 6.4: Input assumptions and their values.

Input assumption Urban Regional Long-haul
Time to charge at depot 8h 0h 4 h
Planning horizon 10 years 10 years 4 years
Working days per year 260 260 260
Working hours ~ 8 ~ 8 ~ 18

Time windows Loose Loose Loose
Battery replacement No No No

battery capacity of 293 kWh), an AC charger (< 22 kWh) is the selected investment
for depot charging infrastructure. If the battery is larger, a DC charge is selected. It
was assumed that the DC charging infrastructure would be shared by two vehicles,
which decreases the infrastructure cost for each vehicle. The DC charging power

was calculated based on the battery size and the available time.

The planning horizon (ownership period) was set to 10 years as in many comparable
studies for the urban and regional cases. Due to high mileage in the long-haul cases,
the planning horizon was decreased to 4 years. Working days per year were assumed
to be 260, similarly to other literature and seemed a reasonable number for a whole
year of five working days per week. Working hours per day were assumed to be
eight hours or longer, already considering the break required for drivers following
EU legislation. Truck drivers in the EU have the right for at least 30 minute break
after 4.5 hours and can only drive for a maximum of 9 hrs per day (European Union,
2021).

The time windows for each destination to deliver and charge were left loose, that
is, all nodes can be visited at any time during the shift. This leaves more flexibility
for the model to choose optimal routes, as strict time windows may lead to a single
possible solution or even an infeasible problem. For the break, the time windows
were defined according to the legislative requirement. The battery replacement was
set to zero as it is assumed that the battery replacement would not be required for

the planning horizons selected.

6.2 Cases

The cases created were used to validate the models. Three cases were created for
analysis: urban distribution, regional distribution and long-haul distribution. These

cases were selected as they normally have different average speed and daily mileage.
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All operations are within Sweden. The input values and sources or assumptions

used in the cases are presented and explained in the section 6.1.

The urban distribution case aimed at serving restaurants and groceries retailers in
the Gothenburg area. The vehicle started the tour from a depot and returned to the
same depot. The location of the depot was assumed to be in the Béackebol area in
Gothenburg. Fifteen client locations were selected but some of these locations were
assumed to have from two up to five clients, leading to a total of 29 clients. Seven
charging stations were selected based on the location that was not far from clients
visually on a map. The maximum route duration was set to 35 100s (9.75h) where

the total demand of the clients was around seven tonnes.

Eight truck variants were defined for the model to choose from. The eight variants
were created by a combination of load capacity and the number of battery packs.
The volume capacity was either 60 or 80 m? and the number of the battery packs was
three, four, five or six of 49 kWh. The curb weight and weight capacity depended on
the number of battery packs. The price depended on the number of battery packs

and volume capacity. Table 6.5 shows the variants available for the urban case.

Table 6.5: Price, weight, volume and battery capacity, and curb weight of vehicle
variants available for the urban case.

Variant 1 2 3 4 5 6 7 8
Price [SEK] 2517968 2406 640 2295312 2183984 2189537 2092730 1995923 1899 117
Weight cap [kg] 8 000 8 445 8 890 9 335 6 000 6 445 6 890 7335

Volume cap [dm?] 80 000 80 000 80 000 80 000 60 000 60 000 60 000 60 000
Battery cap [Wh] 294 000 245 000 196 000 147 000 294 000 245 000 196 000 147 000
Curb weight [kg] 10 000 9 555 9 110 8 665 10 000 9 555 9110 8 665

The regional case aimed at serving groceries retailers with cooled products in Skane
County. The depot was located in Helsingborg while three customers were located
around the county. Three charging stations near the customers or in the expected
route were selected. Dummies were added, so there were six charging stations. The
maximum route duration was set to 28 800s (8h) where the total demand of the

clients was around 17t. No charging stations were at the depot or customers.

Two truck variants were defined for the model to choose from. The two model
variants were created by a combination of at least 17t weight capacity (85 m? volume
capacity) and five or six battery packs. The trucks were a tractor and a refrigerated
trailer. The capacity of each battery pack was 90 kWh. Table 6.6 shows the variants

available for the regional case.
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Table 6.6: Price, weight, volume and battery capacity, and curb weight of vehicle
variants available for the regional case.

Variant 1 2
Price [SEK] 3 076 880 2 872 400
Weight cap [kg] 17 000 17 818

Volume cap [dm?] 85 000 85 000
Battery cap [Wh] 540 000 450 000
Curb weight 20 000 19 182

The long-haul case aimed at delivering from a warehouse in Gothenburg (depot) to a
warehouse in Stockholm and back to Gothenburg. As the driving of the route takes
more than 9 hours, two drivers were required to comply with EU regulations for road
transport workers (European Union, 2021). Thirteen charging stations on possible
routes from Gothenburg to Stockholm were added with their dummies, with a total
of 26 charging stations. The maximum route duration was set to 70200s (19.5h)
where the total demand was around 23 tonnes. There was an available 162 kWh

charging station at the warehouse in Stockholm to use while loading and unloading.

Four truck variants were created in this case. They had at least 33t weight capacity
(99 m? volume capacity) and three to six battery packs of 90 kWh. The truck was a

tractor and a trailer. Table 6.7 shows the variants available for the long-haul case.

Table 6.7: Price, weight, volume and battery capacity, and curb weight of vehicle
variants available for the long-haul case.

Variant 1 2 3 4
Price [SEK] 3076 80 2872400 2667920 2 463 440
Weight cap [kg] 33 000 33 818 34 636 35 454

Volume cap [dm?] 99 000 99 000 99 000 99 000
Battery cap [Wh] 540 000 450 000 360 000 270 000
Curb weight 11 000 10 182 9 364 8 546

6.3 Cases’ results

In this section, the results of the cases using the models are presented, analysed and
discussed. First, the results will be presented case by case. For each case, it will
be presented on a map, its key route characteristic and key cost outputs, sensitivity
analyses and a short discussion of the results. Second, the main findings of the
cases will be summarised, and similarities and contrasts will be discussed. Lastly, a

comparison of each model’s results will be presented and discussed.
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The key route characteristics and outputs are from the best solution found. The
solution of the urban case was optimal and found with the simplified model. The
solution of the regional case was also optimal but found by the complete model.
However, the solution for the long-haul case is the best solution found after 20
minutes with the complete model. Thus, it is not guaranteed to be optimal as the

optimisation was interrupted.

The results contain the total distance of the route and the total duration it takes
depending on constraints and input data from section 6.2. The energy that the
truck(s) spends on the route is broken down into energy due to driving and due to
the vehicle system’s consumption. The charged amount the model decides to charge
on the route, if any, is shown together with the charging time needed at the depot
to have a full net battery capacity for the next day. The model also returns the
number of vehicles needed and what variants were selected for the vehicles used by
the model. The cost outputs are broken down into sub costs for each TCO temporal
phase following Figure 4.1. Additionally, the percentage of each cost factor is given

to reflect what are the most influential one.

Sensitivity analysis was conducted on key input parameters and outputs with the
spreadsheet model. The key input parameters analysed were: the number of pe-
riods of the planning horizon (ownership period), discount rate, depot and public
electricity price, battery SOC utilisation and vehicle system power consumption
(auxiliary and ePTQO). The key model outputs analysed were the powertrain energy
consumption, total distance and duration. The selected parameters and outputs

were increased and decreased by 20% while keeping other parameters fixed.

6.3.1 Urban case

Visual presentation on a map of the location of urban case depot, customers, charg-
ing stations and break locations visited are presented in Figure 6.1. The main

characteristics of the optimal route in the urban case are shown in the Table 6.8.

The cost outputs for the urban case are presented in the Table 6.9. The ownership
cost accounts for 68.7% of the TCO with driver cost alone accounting for 65.7%.
Initial cost accounts for 30.5%, operation cost is only 6.5% and end-of-life cost is
-5.7% of the TCO (positive cash flow).

Sensitivity analysis of the key input parameters and some output numbers of the
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Figure 6.1: Graphic overview of the urban case. The depot is on the north,
customers are the store icon, charging stations are the lightning icon and break
locations are the fork and knife icon.

Table 6.8: Numerical results for the urban case of the best route and the vehicle
selected.

Route characteristics (per day)

Total distance 46.9  km
Total duration 09:17 hh:mm
Total service duration 06:39 hh:mm
Total demand delivered 6.9 t
Average speed 25.0 km/h
Energy due to driving 34.0  kWh
Powertrain consumption ~ 0.73  kWh/km
Energy vehicle system 37.1  kWh
Total energy consumption 71.2 kWh
Charging en route 0 kWh
Depot charging time 03:14 hh:mm
Specifications of vehicle(s) selected
Number of vehicles 1
Weight capacity 9.3 t
Curb weight 8.7 t
Total battery capacity 147 kWh
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Table 6.9: Cost outputs and TCO result for the urban case

Cost SEK %

Purchase cost 2183 984  37.4%
Infrastructure cost 44 000 0.8%
Vehicle subsidies -436 797 -7.5%
Infrastructure subsidies -13 200 -0.2%
Total initial cost 1777 987 30.5%
Energy cost 151 512 2.6%
Maintenance cost 117 098 2.0%
Insurance cost 110 553 1.9%
Total operation cost 379 163  6.5%
Driver cost 3835107  65.7%
Taxes cost 176 307 3.0%
Total ownership cost 4 011 414 68.7%
Resale value -333 068 -5.7%
Total end-of-life cost -333 068 -5.7%
TCO 5 835 496 100%

optimal route results for the urban case is shown in Table 6.10. There is no value for
a 20% increase in the number of periods as it was assumed that the current number
of periods is the maximum number of periods possible for the case. There is no
ePTO consumption for the truck in the urban case and therefore is no sensitivity

analysis conducted for it.

6.3.1.1 Case discussion

By far, the two most impactful costs on the TCO, in the urban case, are the driver
cost (65.7%) and total vehicles cost (29.9%, purchase cost + vehicle subsidies).
Interestingly the energy cost is only 2.6% of the TCO, but energy is usually a
central variable when considering the cost for vehicles (Delucchi & Lipman, 2001).
The driver cost is a high proportion of the TCO, even with the model limiting the
number of vehicles to only one. Lastly, the purchase cost magnitude in the urban
case reflects the main challenge of BEVs, the high initial cost (Morganti & Browne,
2018).

The purchase cost varies by battery size in the urban case (Table 6.5) and it has a
high impact on the TCO to take a bigger battery. This is supported by the results
from Taefi et al. (2017). For them, battery size, battery price and residual value
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Table 6.10: Results for sensitivity analysis on TCO for the urban case. Most values
are varied -/+ 20%, except for the discount rate which varies -/+ 2%.

TCO change
Parameters {-20%, +20%}
Number of Periods -11.0% -
Discount rate {-2%, +2%} 58%  -4.4%
Depot electricity cost -0.5%  1.0%
Public electricity cost 0% 0%
Battery SOC utilisation 22% 0%
Auxiliary consumption -0.3%  0.3%
ePTO consumption - -
Model outputs {-20%, +20%}
Powertrain consumption -0.2%  0.3%
Total distance -1.0%  1.1%
Total duration -0.3%  0.3%

were most sensitive to the TCO of trucks in low mileage scenarios, where drivers’

cost was not considered.

From the sensitivity analysis, only two parameters/outputs had around 5% or more
impact on TCO: number of periods and discount rate. Both are input parameters
where the number of periods magnifies the monthly cost like driver cost and discount

rate. It is important that they are as accurate as possible for the urban case due to

the high effect on TCO.

6.3.2 Regional case

Visual presentation on a map of the location of regional case depot, customers and
charging stations are presented in Figure 6.2. The output of the characteristics of

the optimal route for the regional case is presented in the Table 6.11.

The cost outputs for the regional case are presented in the Table 6.12. The operation
cost accounts for 48.0% of the TCO with energy cost alone accounting for 38.6%.
Initial cost accounts for 18.8% and ownership cost 33.1% of the TCO.

Sensitivity analysis of the key input parameters and some output numbers of the
optimal route results for the regional case is shown in Table 6.13. There is no value
for a 20% increase in the number of periods as it was assumed that the current

number of periods is the maximum number for the case. Also, there is not any
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Figure 6.2: Graphic overview of the regional case. The depot is on the north,
customers are the store icon and charging stations are the lightning icon.

Table 6.11: Numerical results for the regional case of the best route and the vehicle
selected.

Route characteristics (per day)

Total distance 237.2 km
Total duration 05:55 hh:mm
Total service duration 00:30  hh:mm
Total demand delivered 170 ¢
Average speed 51.8  km/h
Energy due to driving 343.9 kWh
Powertrain consumption ~ 1.45  kWh/km
Energy vehicle system 111.4 kWh
Total energy consumption 455.3 kWh
Charging en route 423.2 kWh
Depot charging time - hh:mm
Vehicle(s) specifications
Number of vehicles 1
Weight capacity 178 ¢
Curb weight 19.2 ¢

Total battery capacity 450 kWh
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Table 6.12: Cost outputs and TCO result for the regional case.

Cost SEK %
Purchase cost 2 872 400  23.5%
Infrastructure cost 0 0.0%
Vehicle subsidies -574 480 -4.7%
Infrastructure subsidies 0 -0.0%
Total initial cost 2 297 920 18.8%
Energy cost 4717529  38.6%
Maintenance cost 591 729 4.8%
Insurance cost 558 657 4.6%
Total operation cost 5 867 915 48.0%
Driver cost 3835107  31.4%
Taxes cost 213 733 1.7%
Total ownership cost 4 048 840 33.1%
Resale value 0 0%
Total end-of-life cost 0 0%
TCO 12 214 675 100%

charging station at the depot in the regional case, hence no depot electricity price.

6.3.2.1 Case discussion

The three most impactful costs on the TCO, in the regional case, are the energy cost
(38.6%), driver cost (31.4%), and total vehicles cost (18.8%, purchase cost + vehicle
subsidies). Here, the energy cost is one of the central variables for the TCO of trucks
similar to what Delucchi and Lipman (2001) found. Electricity price and energy
consumption, components of energy cost, was also the most impactful parameter in

Taefi et al. (2017) paper for high mileage scenario similar to the regional case.

From the sensitivity analysis, four parameters/outputs had around 5% or more
impact on TCO, number of periods, discount rate, powertrain consumption and
total distance. The number of periods has a high impact in the regional case as
the operation cost that increases or decreases with the number of periods accounts
for 48.0% of the TCO for ten years. Similarly, as a large part of the cost happens
throughout the ten-years planning horizon, the majority of the cost is discounted,
by using the discount rate, to the present value. The powertrain consumption and
total distance depend on the optimal solution. If some change of context (such as

geographical location and cost of capital) happened that affected these outputs, it
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Table 6.13: Results for sensitivity analysis on TCO for the regional case. Most
values are varied -/+ 20%, except for the discount rate which varies -/+ 2%.

TCO change
Parameters {-20%, +20%}
Number of Periods -11.5% -
Discount rate {-2%, +2%} 73%  -6.4%
Depot electricity cost - -
Public electricity cost 2.7%  3.3%
Battery SOC utilisation 0% 0%
Auxiliary consumption -0.4%  0.4%
ePTO consumption -1.2%  1.4%
Model outputs {-20%, +20%}
Powertrain consumption -5.8%  6.1%
Total distance -8.7%  9.6%
Total duration -1.8%  2.0%

would have a high impact on the TCO.

6.3.3 Long-haul case

Visual presentation on a map of the location of the long-haul case depot, customers

and charging stations are presented in Figure 6.3. The output of the characteristics

of the optimal route for the long-haul case is presented in Table 6.14.

Figure 6.3: Graphic overview of the long-haul case.

The cost outputs for the long-haul case are presented in the Table 6.15. The op-

eration cost accounts for 49.4% of the TCO with energy cost alone accounting for
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Table 6.14: Numerical results for the long-haul case of the best route and the
vehicle selected.

Route characteristics (per day)

Total distance 937.3 km
Total duration 16:51 hh:mm
Total service duration 01:53 hh:mm
Total demand delivered 23.1 t
Average speed 80.1 km/h
Energy due to driving 1526.7 kWh

Power train consumption  1.63 kWh /km
Energy vehicle System 94.4 kWh
Total energy consumption 1 621.1 kWh

Charging en route 1297.1 kWh

Depot charging time 01:48 hh:mm
Vehicle(s) specifications

Number of vehicles 1

Weight capacity 33.0 t

Curb weight 11.0 t

Total battery capacity 540 kWh

32.3%. Initial cost accounts for 20.9% and ownership cost 29.7% of the TCO.

Sensitivity analysis of the key input parameters and some output numbers of the
optimal route results for the long-haul case is shown in the Table 6.16. There is
no value for a 20% increase in the number of periods as it was assumed that the
current number of periods is the maximum number of periods possible for the case.
There is no ePTO consumption for the truck in the long-haul case and therefore no

sensitivity analysis is conducted for it.

6.3.3.1 Case discussion

Similar to the regional case, the most impactful costs are energy cost (32.3%), driver
cost (28.9%) and total vehicles cost (19.2%, purchase cost + vehicle subsidies). The
energy cost proportion is not as high as in the regional case but is also a central cost
variable for the case. The purchase cost would be higher if a more expensive truck
was available. As a truck with a bigger battery is not available, the vehicle does
not go more than 200 kilometres on the route without needing to stop to charge.
Moreover, increasing the weight demand makes the problem infeasible. The weight

increase entails higher energy consumption, thus extra charging time is needed. As
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Table 6.15: Cost outputs and TCO result for the long-haul case.

Cost SEK %
Purchase cost 3076 880  24.0%
Infrastructure cost 506 269 4.0%
Vehicle subsidies -615 376 -4.8%
Infrastructure subsidies -291 600 -2.3%
Total initial cost 2 676 173 20.9%
Energy cost 4132932  32.3%
Maintenance cost 1127 597 8.8%
Insurance cost 1064 574 8.3%
Total operation cost 6 325 103 49.4%
Driver cost 3699 058  28.9%
Taxes cost 111 043 0.9%
Total ownership cost 3 810 101 29.7%
Resale value 0 0%
Total end-of-life cost 0 0%
TCO 12 811 378 100%

Table 6.16: Results for sensitivity analysis on TCO for the long-haul case. Most

values are varied -/+ 20%, except for the discount rate which varies -/+ 2%.

TCO change
Parameters {-20%, +20%}
Number of Periods -13.5% -
Discount rate {-2%, +2%} 3.0%  -2.8%
Depot electricity cost -0.5%  0.6%
Public electricity cost -5.4%  6.0%
Battery SOC utilisation 1.3%  -1.3%
Auxiliary consumption -0.3%  0.3%
ePTO consumption - -
Model outputs {-20%, +20%}
Power train consumption -7.6%  7.9%
Total distance -10.8% 11.9%
Total duration -0.4%  0.5%
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a result, the vehicle cannot complete the route with the available battery capacity

and charging stations.

The results of the sensitivity analysis are similar to the one from the regional case
except that the long-haul case is not as sensitive to the discount rate and is more
sensitive to public electricity cost. The reason for that is that the period is only 4
years compared to 10 years in the other cases for the discount rate while the daily

charging en route is more than double compared to the regional case.

6.3.4 Cases comparison

The relative importance of each cost for each case is compiled in Figure 6.4. All cases
have in common that the initial cost is one of the main cost drivers and especially
in the urban case where it is roughly twice more relevant than in the other cases.
The results of the regional and long-haul cases are similar but the long-haul case
could be considered a more extreme version of the regional one. The long-haul route
distance and duration are about twice as long with a little higher average speed but
without a cooling unit. The cooling body significantly increases not only the vehicle
system’s energy consumption but also the powertrain energy consumption due to
the extra curb weight, which could explain why the powertrain energy consumption

in the regional case is almost as high as in the long-haul.

On the other hand, the powertrain consumption for the urban case is way lower
than in the other cases as the total weight and average speed are considerably lower.
Weight and volume greatly affect the energy between nodes, which was shown in
Equation 6.2. The low energy cost of the urban case, compared to the other cases, is
due to the efficient powertrain energy consumption and shorter distance, along with
only using the depot charging which is three to five-time cheaper than charging en
route (see Table 6.3).

The ownership cost, which is mainly driven by the driver cost, also greatly varies
between the urban case and the other two. Even though there are two drivers
needed (due to EU regulation) and a triple longer operation time for the long-haul
case compared to the regional, the driver cost proportion of the total cost is the
same. Only the urban case has end-of-life cost (which is revenue in this case) due

to its low mileage.

The TCO in all cases is sensitive to changes in the number of periods and discount
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Figure 6.4: Proportion of each TCO cost dimension for each case.

rate. This is due to how the model calculates the TCO. Every cost except the initial
cost is discounted to present value throughout the number of periods. Hence, the
higher those costs are, the more TCO is affected by the number of periods. The
discount rate will therefore have more impact with a higher number of periods and

with higher operational and ownership costs.

The main difference in the sensitivity analysis of the cases is when it comes to
the sensitivity of TCO to auxiliary consumption, powertrain consumption and total
distance. The urban case was not sensitive to them while the regional and long-haul
cases were sensitive. All these parameters/outputs are interconnected when it comes
to the TCO calculations as they affect the energy requirement that directly affects
the energy cost. The main difference between the urban case and the regional and
long-haul case was higher mileage and load in the latter ones, which make the cases

more sensitive to the previously mentioned parameters/outputs.

Finally, as can be seen in the Table 6.17, depending on how the TCO value is

calculated, different conclusions can be made. Whereas the regional and long-haul

69



6. Model application

cases have similar TCO, if analysed by year, the latter is 2.6 times higher than the
former. Nevertheless, when considering the daily route distance, the urban case
is almost 3.7 times more expensive than the long-haul and the situation with the
regional is inverted, 2.4 times more expensive (in comparison with 2 times cheaper
before). This difference in the TCO unit depends on the comparison which is being
made. Danielis et al. (2018) and Wu et al. (2015) used TCO/km when comparing
various vehicles with similar application while Davis and Figliozzi (2013), Taefi et al.
(2017), and Tanco et al. (2019) used TCO to compare similar trucks but different
applications such as different mileage per day.

Table 6.17: Comparison of TCO, TCO per year and TCO per year per daily km
for each case in SEK.

Urban case Regional case Long-haul case

TCO 5 835 496 12 214 675 12 811 378
TCO /year 583 550 1 221 467 3 202 844
TCO/year/km 12 431 5 149 3417

6.3.5 Models comparison

Table 6.19 compares the main outputs provided by each model. The hyperparameter
setting used at the ACO is stated in Table 6.18. o and 3 are part of the equation
(5.36), p is on equation (5.41), 50 iterations are done to select the iteration best,
the pheromone is only updated with the best solution every 25 iterations, and 50

iterations without change in the best so far solution found is the stagnation criteria.

Table 6.18: Hyperparameters setting for the ACO model.

Parameter Value Parameter Value
« 1 Colony iterations 50
153 3 Best solution update 25
p 0.2 Stagnation criteria 20

The lowest TCO is always given by the complete model, however, the difference
between it and the other models’” TCO is considerably small (from 0.1% to 2.4%),
sometimes even finding the same route, and the vehicle variant selected is the same.
This validates the models’ implementation and the difference in output can be stated

as the performance of the model.

Due to the simplifications in the routing and the estimation of the charging required

en route, the hybrid model seems to overestimate the TCO, which is expected. As
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Table 6.19: Key outputs of each model for each case.

URBAN CASE

Complete Hybrid ACO
Total distance [km)] 46.9 46.9 47.9
Total duration [hh:mm] 09:17 09:17 09:28
Power train consumption [kW /km)] 0.73 0.73 0.68
Total energy consumption [kKW] 71.2 71.2 70.7
Charging en route kW] 0 0 0
TCO [SEK] 5835496 5835496 5 839 366

REGIONAL CASE

Complete Hybrid ACO
Total distance [km)] 237.2 234.6 237.2
Total duration [hh:mm] 05:55 05:02 06:12
Power train consumption [kW /km)] 1.45 1.47 1.45
Total energy consumption [kW] 455 269 439 611 460 319
Charging en route kW] 423.2 433.4 454.4
TCO [SEK] 12 214 675 12 230 057 12 230 098

LONG-HAUL CASE

Complete Hybrid ACO
Total distance [km)] 937.3 925.0 943.1
Total duration [hh:mm] 16:51 12:12 16:53
Power train consumption [kW /km] 1.63 1.66 1.57
Total energy consumption [kW] 1621.1 1 603.4 1 570.5
Charging en route kW] 1297.1 1279.4 1287.6
TCO [SEK] 12 811 378 13 124 361 12 896 795

discussed in the section 3.5, there are detour and charge time costs associated with
opportunistic charging. Also, the most optimal path might be hillier or allow to
drive at a higher speed, than the path to reach the charging stations, leading to
a higher powertrain energy consumption. On the contrary, the ACO model is the
model that most optimises the powertrain consumption, finding more energy efficient
routes than the other models. However, the total distance is not as optimised as

well as the amount charged, which may have led to a more expensive solution.

It is worth noting that the computational time for the hybrid model is either the
same or considerably lower than the complete model as it is only a VRPTW opti-
misation and adding the output into the spreadsheet model. This model also made
it possible to perform fast sensitivity analyses with the results from the complete
model. Similarly, the ACO model found its best solution within a couple of minutes
even using AIMMS language, whereas the long-haul case in the complete model ran

for 20 minutes. Therefore, it is worth exploring the potential of the alternative meth-
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ods to provide good enough solutions for complex real-world cases in a reasonable

time.

6.4 Discussion

This section encompasses the discussion of the results presented in the previous
section. Besides, cross references with previous report sections as well as similar-
ities and differences in comparison with previous research are highlighted. First,
the major findings are presented while answering the first four research questions
presented in section 1.2. Second, the findings regarding the supply chain impact are
presented, which are related to the last research question. Third, the models’ con-
tributions to the purchase/selling process of BEHVs are highlighted. Lastly, other

potential applications of the proposed models are discussed.

6.4.1 Main findings

From the literature review, several cost dimensions were present in most of the
previous research deemed as relevant for a comprehensive TCO (Figure 3.6). This
leads to our RQ.1:

RQ.1. What are the main dimensions of TCO of BEHVs?

The final TCO conceptual model presented in the Figure 4.1 encompasses almost all
dimensions found in the literature review, except for battery degradation due to little
conclusive research on the topic and high complexity. Resale value is also associated
in the literature with high uncertainty, however, a parallel can be drawn to ICEVs
using depreciation, leading to fair reasonable values. On the other hand, battery
degradation depends on a lot more parameters than kilometres or cycles and can
present a non-linear behaviour. By disregarding battery degradation, a qualitative
analysis of the final vehicle selected is advised to understand, for example, the impact

on the amount charged en route (section 6.4.3).

Although there is a general structure for calculating the TCO of durable products
(section 3.2), the literature review showed there was little standard on how to cal-
culate the TCO for BEHVs (section 3.3). This seems to be mainly because of the
complexity of modelling routing and energy consumption. There is extensive re-
search on both topics, thus, the final model depends on the context in which it will

be used. The context defines for example what information is available, what is the
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time available, the output accuracy and details required. This leads to our RQ.2:

RQ.2. What are the most relevant analytical models present in the
literature to build an accurate TCO model that suits Volvo’s context

and customers’ specific needs?

As Volvo already had an energy consumption prediction tool (section 4.1), making
use of it and combining it with an exact method for routing guided the formulation
of the analytical model (section 5.2). Nevertheless, at the same time, the model
was also required to adapt to the amount of information available to the customer.
This could mean a customer has limited information on the operation the truck is
intended for, knowing only the daily mileage and demand, for example. In contrast,

the customer might have a lot of details but a huge heterogeneous fleet.

The complete model is not able to handle those two examples of customers mentioned
above. Without specific route information, it may not be as helpful to use an
exact method. For this situation, the hybrid model (section 5.3.2) is one proposed
alternative, although it is not present in the literature. For complex operations,
exact methods may fail to find any solution, hence, the literature has extensively
researched heuristics methods. For this situation, the ACO model (section 5.3.3) is
one proposed alternative. However, there is always a trade-off of moving away from
exact methods: improved speed and flexibility at the cost of accuracy. Therefore,
a single general TCO model is not able to account for the variety of customers’

requirements.
This conclusion leads to our RQ.3:

RQ.3. What is the minimum information needed from the customer to

calculate a reasonable accurate TCO?

The complete list of information required to run a comprehensive and detailed anal-
ysis is present in the Table 6.1. The more personalised information the customer
can provide and the more specific the data is for the operation’s region (such as
US, EU), the more customised the analysis will be. In case the customer does not
have some information, the values presented in the sections 6.1.2 and 6.1.3 can be
used as a benchmark, even though some data are specific to Sweden. However, the
information related to the route and vehicle (section 6.1.1) should always come from

the customer.

The minimum information that the hybrid model requires for the routing model is
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the geographic region the vehicle(s) will be used, total daily distance, demand and
working hours, and information about owned charging infrastructure. For the com-
plete and ACO models, the minimum information required is the visited locations,
location-specific demand and loading/unloading duration, as well as working hours

and information about owned charging infrastructure.

The information regarding public charging stations’ location, rate and cost does not
need to come from the customer, as it is widely available. Nonetheless, it is worth
knowing if the customer already uses any public charging station or subscribes to a

charging service.

Regarding vehicles, the appropriate vehicle variants are selected based on the type
of customer operation. Is it delivery of goods? Does it need a cooling body? Or is
it refuse collection? This information will guide Volvo to select the suitable vehicle

variants that will lead to the vehicle specifications needed by all models.

For the cost part on all models, monthly working days, cost of capital (discount
rate) and depot electricity price are the minimum information needed to provide
more realistic results for the customer specific situation. However, they are not

mandatory as a benchmark can be used instead.

With the required data collected and prepared for each realistic case built, the cost
results lead to our RQ.4:

RQ.4. What parameters affect the most the TCO calculation of BEHV?

From Figure 6.4, it is clear that the two main costs are the driver cost followed by
the purchase cost. However, as the distance increases, energy cost grows from the
fourth-highest cost to the highest cost. This is in accordance with the conclusions
of Taefi et al. (2017). Together with driver cost, purchase and energy cost are the
most relevant costs. The parameters associated with them significantly affect the
TCO, as explained in section 6.3.4. Therefore, TCO is most sensitive to the planning
horizon length (ownership period), discount rate and monthly working days, as they
affect both driver and energy cost. For high mileage scenarios, the variation of total
distance, powertrain energy consumption, and public charging stations’ electricity

cost also has significant impact on the TCO.
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6.4.2 Supply chain impact

The above discussion leads to RQ.5 as the TCO model needs to be able to consider

all customers’ requirements, including the supply chain:

RQ.5. How is the proposed TCO model able to assist Volvo in help-
ing customers to have a smooth transition to electromobility regarding

supply chain impact?

The models are able to take into account the trade-offs of different battery sizes,
summarised in Table 3.6 when selecting the cost-optimal variant. The range and
the initial price of BEHVs have been a concern for users of electric vehicles (Kin
et al., 2021; Sandén & Wallgren, 2017). Prices of BEHV’s variants in the cases were
controlled by the size of the battery (see Tables 6.5-6.7) where the prices varied up
to 500 000 SEK in the long-haul case when comparing the variant with the biggest
and the smallest battery. The range of the trucks in the cases was dependent on
battery size but the battery size was subjected to the energy required for the route
and charging strategy. The energy required for a route consists of powertrain energy
consumption [Wh/m| and system energy power [W]. The powertrain consumption
is dependent on the total weight of the truck and the speed. This is evident in
the comparison of the urban cases with the other cases (see Section 6.1.1 for more
detail). The system energy power is mainly affected by the operation time and if
additional energy sources are added, like the refrigerated unit in the regional case.
Thus, the range of a certain battery will likely depend on the type of operation
as there might be differences in powertrain consumption and system energy power.
For instance, the powertrain consumption is different for urban driving and highway
driving as the latter involves higher speeds, bigger trucks and more cargo than the

former.

The battery size of a BEHV also affects the weight capacity of the vehicle as is
evident in the Tables 6.5-6.7. By choosing the smallest battery, the weight capacity
increases up to 1.3t in the urban case and up to 2.4t in the long-haul case. In some
cases, the decreased weight capacity can decrease the supply chain performance of
the trucks as the weight of goods transported is a common KPI measured for trucks
(Kin et al., 2021; Kovacs, 2017). However, the volume capacity does not change.
Hence, the change of battery size would not change vehicle selection if the problem
has strict volume demand (light goods such as electronics and furniture). This can

be seen in the urban case. Due to the change of weight capacity of smaller battery
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size, the vehicle variant 8 (Table 6.5) satisfy weight demand of the urban case, but

not the volume capacity.

The charging strategy is commonly mentioned when discussing effects on the supply
chain (Kin et al., 2021). The model minimises cost based on the route, variants
available and charging strategies (depot charging, en route at public or semi-public
charging stations). All charging strategies are allowed in the urban and long-haul
case but only en route charging at public stations was available in the regional
case. In the urban case, the model found out that depot charging was the cheapest
strategy which is in line with what Kin et al. (2021) and Pelletier et al. (2016)
stated. Charging en route is a more expensive strategy due to higher charging cost
and extra distance and time of the detour. The model decided in the long-haul case
to use hybrid charging because no truck variant had enough battery capacity to skip

charging en route.

In the long-haul and the regional case, the model was dependent on a sufficient
supply of charging stations so the problem would be feasible. When all charging
stations were removed the HEVRPTW problem became infeasible as the energy to
finish the route was higher than any battery capacity available. For the long-haul
case, removing part of the charging stations would also make the problem infeasible
due to the lack of good charging locations. One of the risks of using or allowing en
route charging is the supply of charging options. It was considered in the MEET
model when assessing the feasibility of adding an electric truck to the fleet (Sandén &
Wallgren, 2017). The data gathering for the model about availability and electricity
prices of charging infrastructure (depot, semi-public and public stations) gives the
customer and the seller an idea of what charging strategy is most cost-effective and

feasible.

One of the most commonly measured KPI of trucks in supply chains is the utilisation
of the truck (Kin et al., 2021; Kovacs, 2017; Sandén & Wallgren, 2017). There
was no charging in the urban case but in the long-haul case, for example, there
was considerable charging during working hours (excluding the time when charging
during the break of the driver). Out of the total operation time in the long-haul
case, roughly 11% of the time is spent charging the vehicle (using 350 kW charging
stations), which decreases the vehicle utilisation. The vehicle utilisation could be
impacted by the charging power of the charging station. If there were only 150 kW

charging stations available, the time spent charging would have increased to about
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25%, decreasing the utilisation even further (or even making the problem infeasible).
Hence, the power of the charging stations can affect the vehicle utilisation when
charging en route. The models in this work can measure the vehicle utilisation and

assist the identification of economically viable routes for BEHVs.

6.4.3 Support of the selling process

There was no specific research found concerning the selection of the best BEHV
variant through TCO minimisation. The most common topic is the comparison of
ICEVs” and BEVs’ TCO (Danielis et al., 2018; Davis & Figliozzi, 2013; Delucchi &
Lipman, 2001; Tanco et al., 2019; Wu et al., 2015). In contrast, there are several
solutions in the market that tries to assist on the fleet electrification process, iden-
tifying which route can be electrified (BEHV replace ICEV) and which is the best
vehicle variant to serve this route (section 4.2). Due to this, there is a commercial
desire to combine the here proposed model of BEHV variant selection and the com-
parison with ICEVs for complete assistance during the purchase or selling process.

For now, the models optimise a fleet of BEHVs.

The vehicle selection was done based on three parameters: weight, volume and
battery capacity. As long as the range of the demand is known by the customer,
the load capacity is a straightforward decision based on the total demand and the
fleet size given by the routing model. Fleet managers are already used to it, as it is
the same for ICEVs. The only consideration is the change in weight capacity with
the battery capacity, as discussed in section 6.4.2. Contrarily, the battery capacity
is the main challenge for BEHVS’ selection.

The best battery capacity for each case depended on the total time available, to-
tal energy consumption, battery capacity cost, depot electricity price and different
charging stations’ availability (depot, semi-public and public) and cost. This way,
the vehicle selection not only satisfies the route energy demand, but the supply
risk (associated with the energy supply and availability) is also assessed. The main
driver is energy consumption, so it is important that the model focus on proving a
reliable prediction for it. From it, combined with all cost parameters, it is possible
to determine what is the optimal battery capacity. From the optimal battery, it is

possible to know which would be the optimal vehicle variant to select.

For the urban case, the optimal battery capacity was 2.4 battery packs, given by
the spreadsheet model. As there is no variant with two battery packs, three battery
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packs are selected. If there were two battery packs, it would be cheaper than three
packs (Table 6.20).

Table 6.20: Difference between two vehicle variant options for the optimal battery
capacity on the urban case.

2 Battery packs
TCO 5796 370 SEK
Extra charge required 12 590 Wh
EOL extra charge required 19 600 Wh

3 Battery packs
TCO 5 835 882 SEK
Surplus charge amount 0 Wh
EOL extra charge required 1 384 Wh

However, the difference in the TCO of almost 40 000 SEK would likely not justify a
downgrade for two reasons. First, there is a need to charge with two packs, whereas
with three packs there is not. It can be argued that there are extra costs associated
with managing the charging en route of vehicles, which are not included in the TCO
calculation, that are higher than the savings of a downgrade over 10 years period.
Second, as the battery degrades over time, extra charges en route are required to
cope with the energy demand of the route. At the end-of-life of the battery (EOL),
this would lead to more than 18 kWh extra charge en route per day for the smaller

variant, increasing the overall cost.

The model also assists in understanding what are the impacts on vehicle selection of
investing in charging infrastructure. In the regional case, the only charging strategy
available was opportunistic charging at public charging stations. As a result, the
optimal battery capacity was the lowest possible. With the time and charging station
availability, four battery packs would be the lowest feasible battery pack, hence the
lowest TCO. However, by investing in a DC charging station of at least 120kW at
the depot, overnight charging becomes the best charging strategy and nine battery
packs would be optimal battery (Table 6.21). Despite the extra investment, the
overall TCO savings would be almost 23%. For the available variants (Table 6.6),

the savings from investing in infrastructure would be around 20%.

Finally, it is possible to evaluate the impact on vehicle selection of the charging
network. In the long-haul case, a hybrid charging strategy was selected. Again,
overnight charging is the most cost-effective strategy. However, due to the charge

power and cost of the available charging stations, the optimal battery capacity is
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Table 6.21: Impact on the optimal battery capacity of investing in depot charging
infrastructure in the regional case.

No depot charge DC depot charge
Optimal battery packs 4 9
TCO 12 051 091 9 298 042

extremely large to cope with the high energy consumption. Unless the availability
of fast and affordable charging stations increases, the most cost-effective battery
capacity will be the largest available. From the customer perspective, this increase
is possible through subscriptions to other charging providers or negotiation of prices

with the current ones.

6.4.4 Other applications for the models

Although this work was done to support decision making during the sales process,
there are other areas within manufacturers, like Volvo, that can take advantage of
the TCO model developed. TCO models can benefit the organisation as they give
data for decision making, negotiation and understanding of cost factors for products
to mention a few (Ellram, 1995; Ellram, 1994). Three possibilities are discussed:

marketing, solution and service development, and vehicle research and development.

First, the model can be used for marketing purposes. For instance, it is possible
to use the model to understand a customer type perspective and identify which
are the most meaningful vehicle variants to advertise to them. The same logic can
be applied to understand which markets to focus on. For example, as the model
takes into consideration the charging infrastructure, new markets can be explored
according to its maturity and the cost-effectiveness of operating an electric truck.
Similarly, the TCO model can be used in the marketing of BEHV to justify the
higher initial cost but lower TCO (Ellram, 1995).

Second, the model can also be used to develop new solutions or provide services.
Volvo could assist customers to focus on decisions that would most benefit them from
the insight Volvo gets from the TCO model of the customer operation (Ellram, 1994).
For example, the model assists in deciding which charging infrastructure to invest in
at the depot. If the route serves other locations owned by the customers, it is also
possible to evaluate the financial impact of investing in semi-public charging stations.
Moreover, the services of BEV fleet management, similar to the companies analysed

in the market in the section 4.2, can be offered. Volvo could assist customers, e.g.,
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on managing the fleet battery level, identifying the best charging location and which

e-mobility service provider to subscribe to.

Lastly, the model can be used in the research and development phase of the vehicles.
By understanding the customers manufacturers desire to address, it is possible to
experiment with the battery capacity and price, for example, to understand if a new
variant is required or viable. The data from the TCO model can help the OEM
with the continuous improvement of the vehicle by identifying cost savings of the

vehicles offered to the customer (Ellram, 1994).
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Conclusion

This study focuses on creating a TCO model to help sellers and buyers of BEHVs to
find the cost-optimal truck variant based on the route information. It explores how
TCO models were done in previous literature and how they impact decision making
in purchasing an electric truck. The selling process from Volvo’s perspective is also

considered and the TCO model created is customised for its needs.

To find the right variant, the model needed to solve a problem defined as a HEVRPTW
problem. In a HEVRPTW problem, the optimal route is found based on a pool of
electric vehicles available but it gets harder to solve as the problem grows, with
more nodes and vehicle variants. Hence, three models were created: the MIP mod-
els (complete and simplified models), which give the most precise output; the hybrid
model (MIP combined with a spreadsheet), which is flexible and can handle larger
problems but is the least precise; and the ACO model, which can handle any prob-
lem size but is slightly less precise than the exact method. In cases where there
is limited information from the customer, the problem might not be defined as a
HEVRPTW problem due to a lack of data. The hybrid model includes a spreadsheet

model that can be modified to calculate an approximated cost for a customer.

Three cases are built to perform an analysis of parameters of the TCO calculations
and to check and demonstrate the reliability and validity of the models. Lastly, the
supply chain impact of operating electric trucks is assessed by exploring literature

and analysis of cases to give insight that might help transition to electromobility.
The output of the study can be summarised as follows:

e Three TCO models built: MIP model, hybrid model and ACO model

o Initial price and driver cost affect the TCO greatly in all cases

o Energy cost has the biggest effect on the TCO in high mileage cases but is
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small in low mileage case

o The charging strategy is driven by the time available, battery cost, depot

electricity price, and charging stations availability and cost

o The optimal battery capacity is not only driven by the energy consumption

but also the charging strategy

o The battery capacity has trade-offs regarding the supply chain impact of BE-
HVs

The three models built should be able to cover a variety of situations when a cus-
tomer is interested in buying an electric truck. From the analysis of cases with the
complete model, the initial price of the BEHV and the driver cost are the parameters
that affected the TCO calculation the most in all cases. In the low mileage case,
those parameters account for over 95% of the TCO. However, in the high mileage
cases, the proportion of those parameters decreases, and energy cost becomes the
parameter that affects the TCO the most. Moreover, the models select the vehi-
cle battery capacity based on the route energy demand and the most cost-effective
charging strategy. The charging strategy is a balance of the cost of extra battery ca-
pacity with the time available, the owned charging stations (depot and semi-public)
electricity price and public charging station availability and cost. The battery ca-
pacity also has an impact on the supply chain. Higher battery capacity will likely
lead to higher range and operation cost but it decreases the weight capacity and
increases the initial price. Besides, the range of a certain battery capacity heavily
depends on the application and where it is used as the energy consumption changes
in different contexts (such as weight, distance, speed, topography), as shown by the

results of the cases.

Three cases are analysed with the complete TCO model: an urban, a regional and
a long-haul distribution. In all cases, the problems are feasible with a single vehicle.
The results of the complete model are validated with the hybrid and ACO models,
which give similar results. All the parameters are deterministic and the majority
of the input data was based on sources from recent years. Nevertheless, the values
of these input data may not fully reflect the current post-pandemic situation with
high inflation and interest rates. Similarly, policies and regulations are complex and
change regularly, affecting the TCO (Breetz & Salon, 2018). If the high inflation
and interest are not temporary, the input values should be updated to reflect this

new scenario.
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7.1 Implications

This work contributes to both research and theory. It makes use of VRP and energy
consumption prediction (highly researched topics) to assist and reduce the uncer-
tainty of decision-making regarding the purchase and sales of BEHVs, considering
the supply risks of adoption of an electric fleet. Moreover, the main parameters
that affect the TCO and the optimal battery capacity are identified. These insights
have value for businesses. The proposed models assist in understanding the finan-
cial impact of the decisions regarding the transition to electromobility: battery size,
infrastructure investment, charging strategy, optimal routes, feasibility and risks.
Additionally, the data collected can be used as a reference when some information

is missing.

7.2 Future research

There are a few limitations to this project. For example, all data used is determin-
istic. In real-world situations, many of the parameters the model requires may be
stochastic, which may affect the recommendation of the optimal vehicle variant to
purchase. There is no comparison with ICEV’s TCO, which is common in literature
and commercial solutions. Additionally, qualitative criteria are not considered in
the TCO models presented here even though they are commonly present in a real-
life situation and can be included in TCO models (Ellram & Siferd, 1993; Ferrin &
Plank, 2002). Nonetheless, these points can drive the possible improvements of this

work.

The model could be adapted to be able to deal with stochastic parameters (such as
electricity price, resale price, service duration, and if a charging station is busy) and
provide a statistically supported recommendation. Additional parameters can be
specific per vehicle variant. For instance, vehicle system power is case specific, but
it could be different for each heterogeneous truck within a single case. The model can
be improved so it can manage ICEV variants as well. It could also calculate savings
of C'O4 emissions when adopting a BEHV on a specific route, or savings by switching
to a supplier with a renewable energy or set up by themselves. There are qualitative
criteria listed in the literature (such as brand perception, drivers’ satisfaction) and
soft cost (such as adjacent costs or savings from purchasing a BEHV) that may be

evaluated on their impact on the comparison of BEHVs and ICEVs. It would also
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be interesting to apply the models to larger problems and analyse their performance

with themselves and against each other.

On top of that, battery degradation and non-linear charging models can be imple-
mented. The charging infrastructure is more complex than just selecting AC or DC
chargers. There is the possibility of investing in solar panels to charge the vehicles
and reduce C'O, emissions. For these cases, for instance, there is also a need for a
charging management option when using the model, as done by commercial solu-
tions of Electriphi and elQ. Also, fleet managers usually optimise driver’s utilisation
for the whole week, not only a single day. The model could assist with it. As the
problems become more realistic and complex, alternative algorithms to the exact
method (MIP complete model) can be explored. The alternatives proposed in this
thesis work are just a glance of the variety present in the literature. Lastly, instead
of optimising only for TCO, the model could also optimise for C'O, emissions or a
supply chain KPI, such as vehicle’s utilisation. This would make the model more
flexible to the user’s needs and it would be possible to evaluate the impact on the

vehicle selection when changing these parameters.
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